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 I  
Abstract 
 
The live export industry is an integral part of the Australian cattle industry and makes a significant 
contribution to the Australian economy. Heat stroke has been a major cause of cattle death on long 
haul sea voyages and has the potential to threaten the viability and sustainability of cattle exports.  
To mitigate high heat loads on these voyages, it is necessary to implement cooling strategies to 
lower the temperature of the microclimate surrounding the cattle. The main cooling method used on 
live export voyages is high pressure hosing but no research has been undertaken to evaluate the 
efficacy of this or other water application methods. The major focus of this thesis was therefore, to 
explore heat load mitigation of confined beef cattle. The initial hypothesis was that the application 
of water onto cattle exposed to a continuous high heat load will reduce the severity of heat stress. 
As, different breeds of cattle and composites are exported together, the second hypothesis was that 
different cattle breeds and composites respond differently to heat exposure and to water cooling.  
 
Climatic conditions for all three studies were based on the conditions encountered on board a live 
export vessel travelling from southern Australia to the Middle East (during the northern hemisphere 
summer). The first study obtained data on changes in the microclimate and responses of Bos taurus 
cattle (Angus) when water was applied via a hose to cattle maintained in single pens under 
continuous hot conditions. The results showed that the water application had a positive impact on 
cattle comfort (respiratory rate reduced by 50 - 80 bpm; rectal temperature reduced within an hour 
after wetting of cattle). The dry-bulb temperature was also reduced following longer duration water 
applications. The impact of water application on physiological parameters, such as rate of 
respiration and rectal temperature, was a function of water volume applied and ambient conditions. 
For all steers mean daily rectal temperatures and respiratory rates were lower (P < 0.01) during 
thermoneutral conditions than during the 11 days of hot conditions. 
 
Four water application methods (hosing, overhead sprinklers, leg sprinklers and misters) were 
evaluated in the second experiment with the same Bos taurus breed. Volume and frequency of water 
application was assessed with the cattle were housed in groups (n = 9) on sawdust bedding.  Of the 
four methods evaluated, hosing was the most effective in mitigating the heat load on the cattle. The 
leg wetting and misting treatments had little to no effect. While not as effective as hosing, overhead 
sprinklers did afford heat relief and may have advantages for cooling large numbers of cattle at the 
same time. Bedding had to be removed after it became wet due to increased concentrations of 
atmospheric ammonia that posed a risk to cattle and human health. 
 
 II  
As live export ships carry both Bos taurus and Bos indicus cattle, the third experiment investigated 
the effects of high heat load conditions on three breeds of cattle and the effect of the three water 
application treatments. Duration of exposure to high heat load conditions caused a decrease in the 
ability of the Angus cattle to cope. Respiration rates and rectal temperatures of the Angus were 
greater (P < 0.05) than the Brahman and Brangus cattle, with the Brahmans having the greatest heat 
tolerance. The most effective method for lowering heat load (in terms of rectal temperature) was 
hosing, followed by overhead sprinkler and misting. It was found that breed differences in body 
surface temperature, in conjunction with respiration rate, may be a good predictor of heat stress  
 
The present studies have highlighted the complexities of investigating beef cattle  exposed to 
continuous high heat loads and have demonstrated the diversity of data required to assess heat stress 
mitigation strategies. Only when comprehensive data is available, following a sustained research 
effort, will it be possible to improve the wellbeing of intensively maintained beef cattle, whether in 
feedlots or on the high seas. 
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CHAPTER 1 
 
INTRODUCTION AND OBJECTIVES OF THE STUDY 
 
1.1 INTRODUCTION         1 
  
 1.2 LIVE CATTLE EXPORT        1 
 
1.3 HEAT STRESS         3 
 
1.4 COOLING STRATEGIES         3 
 
1.5 OBJECTIVES OF THE STUDY       4 
 
 
1.1 INTRODUCTION  
By 2050, the world population is expected to reach over 9 billion people. Increasing incomes in 
developing nations, will lead to higher per capita consumption of animal products, and it is 
expected that global meat consumption will rise by 58 % by the middle of this century (Place and 
Mitlohner 2014). Australia produces 4 % of the world’s beef supply and is the third largest beef 
exporter. In 2013 - 14, Australia exported 70 % of its total beef and veal production to over 100 
countries, with a value of A$6.45 billion. The live export industry is an integral part of the 
Australian cattle industry and makes a significant contribution to the Australian economy. 
Australian live cattle exports were valued at A$1.05 billion during 2013 - 14 with the beef industry 
(including live cattle) contributing 17 % to total Australian farm exports, ranking it the most 
valuable farm export in this period (MLA 2015). Indonesia, Vietnam and Israel are the top three 
importers of Australian live cattle (Figure 1.1).  
 
1.2  LIVE CATTLE EXPORT 
The first known export of livestock from Australia was cattle exported from the Northern Territory 
in 1885 to Hong Kong, followed then by Indonesia and Singapore (Keniry et al. 2003). In 1893 
approximately 2000 cattle were being shipped to Indonesia and Singapore. By 1894 a jetty was 
completed at Wyndham and in 1897 approximately 7000 cattle were being shipped from there to 
the Philippines (Poppi 2014). These countries, in particular the Philippines, are still main export 
markets of live cattle for Australia today (Figure 1.1).  
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Figure 1.1: Australian live cattle exports by % destination (1,133,456 head; 2013 - 2014) 
adapted from MLA 2015. 
 
The export trade fluctuated from late 1890’s, however, in the 1970’s the trade increased from 
around 20, 000 and reached approximately 900, 000 cattle in 2009 being exported live mainly to the 
markets in South-East Asia, but also to the Middle east, North Africa and Turkey (Poppi 2014). The 
short voyages to South East Asia take 5 to 12 days from the northern ports of Australia and long 
haul voyages of 15-30 days to the Middle-east and other Northern hemisphere destinations from the 
southern ports (Poppi 2014). On a maiden long haul voyage on the MV Becrux in 2002 carrying 
both Bos taurus and Bos indicus type cattle, over 28.5 % of the cattle on board died and heat stress 
was the cause of these mortalities. All of the mortalities were of Bos taurus type cattle (More et al. 
2003). Heat stress was also reported to be the main cause of mortalities on two of the voyages 
investigated by Norris et al., 2002. These voyages were from Port Headland and Freemantle and 
Adelaide and Portland to Jordan (21 days) and Egypt (20 days) respectively. All mortalities were in 
Bos taurus breeds and occurred in the latter half of the voyage. Many of these animals were panting 
heavily with antemortem rectal temperatures greater than 41.5 ºC (Norris et al. 2002).  
 
Between 1995 and 2002 over 5,915,000 cattle were exported from Australia by sea on 3,671 
voyages. The death rate of cattle on these voyages was 0.23 % (13, 605 head) (Norris et al. 2003). 
The main causes of death during this period were heat stroke, trauma and respiratory disease (Norris 
et al. 2003). Between 1998 and 2003 there were 65 voyages where the mortality rate exceeded 1 %, 
of these, 41 were voyages to the Middle East with the remainder to South East Asia and the Pacific 
(Gaughan et al. 2004a). Mortality presents a major problem for industry as it represents lost income, 
indicates impaired animal welfare, but more importantly, it provides opponents of live exports with 
data to lobby for stopping the trade.   
 
Indonesia 
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China 
8% 
Phillipines 
2% 
Russia 
4% 
Malaysia 
5% 
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1.3 HEAT STRESS  
Stress can be defined as the magnitude of forces external to the body of an animal which tend to 
displace its systems from their resting ground state (Yousef 1985). Given this definition heat stress 
would indicate a thermal force that induces an increase in body temperature to the point where 
threshold limits are exceeded above the normal physiological range and results in hyperthermia 
(Hahn & Nienaber 1993; Young & Hall 1993). The potential for heat stress occurs when weather 
patterns change suddenly and the temperature increases rapidly, or temperatures remain high for 
several consecutive days (heat wave) with little or no relief at night (Hahn 1999). The responses of 
cattle to high heat load are complex and are influenced by: breed, genotype, size, live weight, age, 
physiological status (e.g. lactating, pregnant), prior heat exposure, current and previous climatic 
conditions, duration of the stress period and the magnitude of the stress (Hahn et al. 1970; 
Buffington et al. 1981; Hahn & Mader 1997; Gaughan et al. 1999; Gaughan 2002). Heat stress is a 
major cause of cattle death on long haul sea voyages. Animals exposed to high ambient 
temperatures and humidity on these voyages can suffer from heat stress resulting in death from heat 
stroke. 
 
1.4 COOLING STRATEGIES  
It is often necessary to implement cooling strategies to lower the temperature of the microclimate 
surrounding cattle whether in sheds or on ships. This will ensure that animal welfare is not 
jeopardised and the cattle are able to maintain productivity. Reductions in feed intake, growth, and 
efficiency are commonly reported in heat-stressed beef cattle (Hahn 1999). In spite of years of 
research no clear criteria exists as to when heat stress alleviation is needed (Berman 2005). 
 
In the dairy cattle industry it is common practice to have a cooling method in place especially where 
the animals are housed in a confined area, for example sprinkling systems in the forcing yard before 
milking. Cooling of dairy cows with fans or water, or a combination of these has been extensively 
studied (Igono et al. 1985; Flamenbaum et al. 1986; Garner et al. 1989; Bucklin et al. 1991; Frazzi 
et al. 1997; Brouk et al. 2001; and Brouk et al. 2006), but only limited work has been published in 
relation to cooling methods for intensively housed beef cattle. 
 
The main cooling method used on live export voyages to prevent heat load accumulation is high 
pressure hosing; the same system used for cleaning pens. The hoses are directed at heat stressed 
animals but the volume and high pressure of the water may cause distress and injury to the animal 
(Gaughan et al. 2003). 
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1.5     OBJECTIVES OF THE STUDY 
There is an increased need for heat alleviation strategies to be implemented within the cattle 
industries of all countries affected by high heat load in order to reduce the risks of heat stress and to 
improve overall cattle welfare. With increasing community concern for global warming and animal 
welfare, along with increased numbers of cattle in feedlots and the ongoing live export trade, 
researchers and producers have a vital interest in developing strategies to reduce thermal stress 
(Brown-Brandl et al. 2005). 
 
The major focus of this thesis was to explore heat load mitigation of confined beef cattle. The 
studies were initiated to develop strategies to improve the welfare of confined cattle, especially 
those undertaking a live export voyage. Water was chosen as the mitigation agent as it is readily 
available on long sea voyages. The objectives of the research were to investigate the behavioural 
and physiological response of beef cattle to different water application procedures in an attempt to 
develop strategies that improved animal welfare. The initial hypothesis was that the application of 
water onto cattle exposed to a continuous high heat load will reduce the severity of heat stress. This 
was tested in Chapters 3 and 4, where water was applied, using different methods, to cattle exposed 
to a high heat load. 
 
Different breeds of cattle and composites are exported together, live by sea. The second hypothesis 
was that different cattle breeds and composites respond differently to heat exposure and to water 
cooling. This was tested in Chapter 5 where the responses of three beef genotypes to high heat load 
and water cooling were investigated.  
 
The outcomes of these studies will not only improve our understanding of how adverse climatic 
conditions affect the physiological status of housed beef cattle but also assist in the development of 
strategies to reduce the overall impact of heat load on export cattle. 
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2.1 SCOPE OF THE REVIEW 
Complications from heat stress on live export voyages are the greatest cause of cattle mortality. 
Within this context it is necessary to understand the animal as a homeotherm and the processes of 
thermoregulation. Many factors influence these processes, including acclimation, genotype, coat 
type and thermal environment. It is how these factors interact that determines the heat load of the 
animal. 
 
For the development and application methods of heat load alleviation that reduce heat stress 
incidents in cattle, it is important to understand current techniques, including the limitations and 
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benefits of these systems. Emphasis is placed on the use of cooling methods using water to alleviate 
heat load on the animal. 
 
The scope of the review was therefore a consideration of the mechanism of thermoregulation and 
the factors that affect it. The animal’s response to excessive heat load and the methods used to 
alleviate it was considered in detail.  
 
2.2  THERMOREGULATION 
A homeotherm is defined as an animal that maintains a relatively constant core body temperature 
when faced with varying environmental conditions (Bligh & Lampkin 1965; Mount 1979). 
Thermoregulation is the process that allows the animal to adjust to changing heat loads so that a 
stable core body temperature is maintained. Thermoregulation is a prime example of a dynamic 
process in a homeothermic animal, and can be observed in the short-term by changes in body 
temperature, which reflect temporary imbalances in heat production and dissipation (Hahn & 
Nienaber 1993). Under most conditions there is a continual net loss of sensible heat from the body 
surface by conduction, convection, and radiation, and under all conditions there is a continual loss 
of insensible (evaporative) heat from the respiratory tract and skin surface (Curtis 1983; Hahn 1985; 
Young et al. 1997). The net rate of heat loss or gain by an animal depends upon the thermal demand 
of the surrounding environment and the resistance to heat flow of the tissue, skin, and its cover 
(NRC 1981). A model of heat balance adapted and modified from Brown-Brandl pers. comm. 
illustrates the thermal balance of cattle in terms of body temperature.   
 
 
Figure 2.1: Heat balance adapted and modified from Brown-Brandl pers. comm. 
 
Sun 
Surroundings 
Thermal Balance 
Heat Production Heat Loss 
Maintenance Heat 
Production Metabolism 
Eggs Meat Milk 
Heat of Fermentation 
Heat of Activity 
Sensible Heat Loss/Gain 
Conduction 
Convection 
Radiation 
Latent Heat Loss 
Evaporation 
Sweating 
Panting 
 7  
2.2.1  Heat Loss/ Dissipation - Four Mechanisms 
The basic thermoregulatory strategy of most mammals is to maintain a body core temperature above 
ambient temperature to allow heat to flow from the core via four basic routes of heat exchange 
(conduction, convection, radiation, and evaporation) (Curtis 1983; Hahn 1985). Three of these 
routes (conduction, convection and radiation) are referred to as sensible routes or non-evaporative 
means of heat loss, and require a thermal gradient or difference between the animal’s body and its 
immediate environment to operate. Yousef (1985) has also depicted graphically (Figure 2.2), body 
temperature as a balance of heat loss and heat gain and demonstrated the role of the four 
mechanisms of heat loss in this process. 
 
 
Figure 2.2: Body temperature as a balance of heat loss and heat gain (Adapted from Yousef 
(1985)). 
 
Conduction  
The heat flow between two bodies in direct contact is described as conductive heat exchange/ 
transfer (Silanikove 2000). The rate of heat exchange by conduction is dependent on the difference 
in temperature between the animal and the environment, and the area of contact (McDowell 1972; 
Curtis 1983; Yousef 1985). The magnitude of heat transfer will depend on the nature of the material 
in contact with the skin, the temperature difference, the conductance of the material, and the area of 
Non-Evaporative 
Cooling 
 
Radiation 
Convection 
Conduction 
Evaporative 
Cooling 
 
Respiration 
Skin 
HEAT LOSS HEAT GAIN 
Influenced by 
 
Calorigenic 
     hormones         
Production: 
     Meat 
     Milk 
     Wool 
Muscular Activity 
Maintenance 
Sources 
 
Food 
Body Reserves 
Rumen 
     fermentation 
Environment 
N
O
R
M
A 
L 
Hyperthermia Hypothermia 
 8  
surface contact (Schmidt-Neilson 1964; Yousef 1985). The denser the material the greater the 
conductivity or inversely there is less resistance to heat flow (Esmay 1969). 
 
Convection  
When cool air meets a warm body, the layer of air surrounding the surface of the body is heated and 
rises away from the body, carrying with it heat, and thereby cooling the body through the process of 
convection. If air temperature is greater than skin temperature, then air movement will promote the 
movement of heat into the animal until air temperature equals skin temperature when transfer of 
heat ceases (Silanikove 2000). The transfer of heat during respiration is a combination of 
convective and evaporative (see below) heat transfer. Inspired air is adjusted to the body 
temperature by the time it reaches the trachea (Yousef 1985). The velocity of air movement affects 
the rate of convection and anything that impedes air movement, such as hair in cattle, will decrease 
the rate of heat transfer by convection (Silanikove 2000). 
 
Radiation  
Radiant heat is the transfer of heat by the exchange of electromagnetic waves. In physiological 
studies it is customary to divide the wavelength spectrum into short and long waves. Short wave 
heat exchanges relate to the sun, whereas the radiant heat interchanges between the animal and its 
surroundings, i.e. enclosures, the ground, and vegetation occur in long wave band (Robertshaw 
1985; Yousef 1985). Solar heat absorption by an animal is dependent on its body temperature, coat 
colour and texture of the coat. Cena and Monteith (1975) reported that an animal with a black coat 
would have a coat absorbance of 1 for direct radiation; with the coat absorbance decreasing to 0.65 
for an animal with a red coat and to 0.37 for an animal with a white coat. The level of radiation an 
animal absorbs is highest under hot, dry conditions and lowest under cooler or humid conditions 
(McDowell 1972; Curtis 1983). Direct sunlight usually results in a net gain of heat, but under 
adequate shelter or at night the effect will be a loss of heat by long-wave radiation (Hall 2000). 
 
Robertshaw and Finch (1976) reported (Table 2.1) that approximately 60 % of the radiant heat 
absorbed at the hair surface of a brown Bos indicus cow, standing in the sun at noon on the equator, 
was reradiated to the environment. Ten percent of this absorbed radiant heat was dissipated by 
convection, and the remainder was added to the metabolic heat load for dissipation by the animal.  
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Table 2.1: Heat balances of Bos indicus measured in the equatorial noon sun (fluxes in Wm
-2
). 
Metabolic 
Heat 
Radiant 
heat 
Reradiated 
heat 
Convective 
heat loss 
Cutaneous 
evaporative 
heat loss 
Respiratory 
evaporative 
heat loss 
Heat 
storage 
50.7 638 397.3 63.3 146.2 36.1 7.6 
  (57.7) (9.2) (21.2) (5.2) (1.1) 
(Adapted from Robertshaw and Finch (1976)) 
Note: Figures in parentheses are the percentages of the total heat load dissipated by various avenues of heat loss. 
Measurements were directly made so that heat gain (metabolic plus radiant heat) and heat loss do not necessarily equal 
each other and represent the error in the methods. 
 
Sensible heat loss (conduction, convection and radiation) can become a means of heat gain, when 
temperatures are near or greater than body temperature, as is often the case in tropical regions. 
Under these conditions evaporation (as described below) becomes the main avenue of heat loss, 
accounting for approximately 85 % of the total heat loss (Maia et al. 2005).  
 
Evaporation  
Evaporative heat loss occurs when heat is lost from a saturated surface of a body to a less saturated 
surrounding environment (Tucker 1990). When an acceptable thermal gradient exists, the animal’s 
excess body heat is transferred readily from its warmer body to the cooler environment (Hahn 
1994). Water evaporates from the skin of cattle and animals adapt to hot conditions by (i) increasing 
the rate of active sweating and (ii) in some cases by panting (Mount 1979; Robertshaw 1985; 
Shearer & Beede 1990). Heat dissipation from cattle at dry-bulb temperatures above 15 
o
C is largely 
due to losses from the skin (85 %) and a much lower loss (15 %) via respiration (Kibler & Brody 
1950; McLean 1963) but as air temperature approaches skin temperature and if relative humidity is 
high, the effectiveness of evaporative cooling from the skin is reduced. Heat loss by sweating can 
vary in magnitude depending on air vapour pressure and air movement (NRC 1981). If sweat 
accumulates in the coats of animals before evaporation, its cooling effect will be delayed and may 
take place at a time inappropriate to the needs of the animal (Allen & Bligh 1969). 
 
Maia et al. (2005) demonstrated in a study with Holstein cows that the rate of heat loss by 
cutaneous evaporation increased with air temperature in almost a linear fashion up to 25 °C, but the 
rate increased rapidly as ambient temperature rose above 27 °C. It was also demonstrated in this 
study that at higher temperatures, convection and thermal radiation can increase the animals’ heat 
load, thus a high evaporation rate is needed to maintain thermoregulation. However, when air 
temperature remained between 10 and 20 °C, heat loss by cutaneous evaporation accounted for 20 
to 30 % of the total heat loss, with the remainder lost as sensible heat (Maia et al. 2005).  
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The evaporative heat loss mechanism can be enhanced with the application of water onto the animal 
to help reduce heat load, this cooling method is further described in section 2.6. 
 
2.3 FACTORS AFFECTING THERMOREGULATION 
2.3.1  Heat Stress and Excessive Heat Load 
Yousef (1985) defined stress as the magnitude of forces external to the body which tend to displace 
its systems from their resting ground state. With this in mind the stress of beef cattle can be 
understood to indicate all thermal forces that induce adjustments occurring within the animal such 
as an increase in rectal temperature of the animal from its normal range. Stress due to high climatic 
conditions has been defined throughout past studies as either heat stress or high/excessive heat load. 
Young & Hall (1993) argued that heat stress when characterised solely by environmental 
descriptors, can be confusing, and preferred the term Excessive heat load. Excessive heat load 
occurs when threshold limits are exceeded and when the body heat content exceeds the upper end of 
the normal physiological range and results in hyperthermia (high body temperature) (Young & Hall 
1993).  
 
Environmental influences on animals are reflected in their behavioural, physiological and 
immunological status (Hahn & Nienaber 1993). If the coping capabilities of an animal are adequate, 
homeostasis prevails and normal function is maintained. However, when coping threshold limits are 
exceeded, the animal fails to cope, and if this cannot be reversed, the animal will suffer and possibly 
die as a result (Hahn & Nienaber 1993). Figure 2.3 illustrates the animal response to environmental 
stressors, which can influence performance and health. For the purpose of this review the “potential 
environmental stressor” depicted in Figure 2.3 is adverse climatic conditions that create high heat 
load conditions. 
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Figure 2.3: Responses of an animal to potential environmental stressors which can influence 
performance and health (adapted from Hahn and Becker (1984)). 
 
There are several factors that contribute to the degree of heat load on cattle and these include; the 
thermal environment, previous exposure to hot conditions, genotype, coat type, body condition, 
health status and access to shade.  
 
2.3.2 Thermal Environment 
The components of the thermal environment that influence the degree of heat load include ambient 
temperature (Kibler & Brody 1950; McLean 1963; Young et al. 1997), relative humidity, 
windspeed, ground temperature (Gaughan et al. 1998), solar radiation (Gebremedhin 1985) and 
rainfall (Kabunga 1992). 
 
A paper published by Cargill et al. (1962) stated that high relative humidity depressed heat loss by 
evaporation and reported the total vapour dissipation in a group of Holstein cows at 26.7 ºC (TDB) 
ranged from 1.06 kg/h at 30 % relative humidity to 0.79 kg/h at 80 % relative humidity.  
 
Increasing relative humidity (at constant temperature) decreased the vapour concentration gradient 
between skin surface and ambient, thus decreasing the evaporative heat loss. A decrease in 
evaporative heat loss resulted in an increase of skin temperature, which in turn, increased the total 
sensible heat loss (Gebremedhin & Wu 2001).  
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The balance between heat production and heat loss and the partition of heat exchanges of cattle in 
relation to air humidity at two different air temperatures was studied by McLean and Calvert (1972) 
and results showed that an increase in humidity at 35 C air temperature caused no significant 
change in heat production or in the level of total heat loss finally attained, but body temperature and 
respiratory activity were both increased. Increasing humidity at 15 C air temperature caused a 
small reduction in heat loss by evaporation but had no effect on sensible heat loss, body temperature 
or respiratory frequency. Heat loss by evaporation amounted to 18 % of the total heat loss at 15 C 
and to 84 % at 35 C, where heat loss by respiratory evaporation amounted to 54 % of the total 
evaporative heat loss at 15 C and to 38 % at 35 C (McLean and Calvert 1972). 
 
At approximately 26 
o
C, 25 % of heat is lost through the skin and 75 % is lost from the lungs 
(Kibler & Brody 1950). McLean (1963) calculated that at an air temperature of 40 C 
approximately 84 % of the total evaporative heat loss is by sweating. Both of these studies were 
conducted for intensive cattle industries such as the dairy industry. The key differences in climatic 
conditions experienced on livestock voyages compared to other intensive cattle industries are the 
lack of solar radiation and diurnal variation. Export cattle are also exposed to forced ventilation and 
the continual high temperatures and humidity during the Northern hemisphere summer months 
(Beatty 2005). The ability of cattle to cool (dissipate heat) at night appears to be important for 
minimising overall heat load and contributing to the maintenance of normal behaviour and feeding 
activity (Mader et al. 2006).  
 
2.3.3 Acclimation 
Farm animals can cope with many acute thermal challenges through acclimation to minimise 
adverse effects and compensate for reduced performance during moderate environmental challenges 
(Hahn et al. 1998). In continuously fluctuating thermal environments, physiological acclimation 
must occur if animals are to survive (Senft & Rittenhouse 1985). In acclimatised animals, a given 
level of thermal load has less effect on physiological processes (e.g. rectal temperature, respiratory 
and heart rate) than on animals that have no prior exposure (McDowell 1972). 
 
Bianca (1959a) exposed three Ayrshire bull calves to a hot dry environment for 5 hours per day for 
21 days and reported that an increase in heart rate (100 to 180 beats/min) occurred when deeper 
panting (120 breaths/min) began and that the final heart rate, before the end of the daily heat 
exposure, declined (88 beats/min) as acclimation developed. In a second study (Bianca 1959b) 
calves were repeatedly exposed to hot humid conditions. Acclimation to heat reduced the heart rate 
 13  
of calves and respiratory rate rose more rapidly and assumed higher levels (for given levels of body 
temperature) when exposed to hot humid conditions. 
 
 Heat acclimation is considered an automatically controlled array of physiological mechanisms 
working collectively to enhance heat endurance. The criteria for acclimation are: reduced metabolic 
and heart rates as well as body temperature, low temperature-thresholds for activating heat 
dissipation effectors, and increased cardiovascular reserves and capacity of the evaporative cooling 
system (Horowitz 1998). 
 
2.3.4 Adaptation 
Given time, most animals can adapt physiologically and biochemically to a new environment, 
provided the upper critical temperature and lower critical temperature for that animal are not 
exceeded. This process is termed thermal acclimatisation/acclimation and, if successful, such 
adaptation enhances thermal tolerance in terms of the extreme of tolerable temperature and the 
duration of endurance at that temperature (Horowitz 1998). 
 
Genetic diversity within a population may also influence the level of response and the degree of 
adaptability, so that what is stressful for some is not as stressful for others. The physiological 
response of an animal to an environmental challenge is dependent upon prior history and degree of 
adaptation. This response can be so diverse that an adapted animal may not be affected while an 
unadapted animal may be severely affected (Young et al. 1998). Age, prior conditioning, and 
nutritional and health status also influence the level of vulnerability to environmental stressors 
(Young et al. 1998). Figure 2.4 integrates these points and emphasises the importance of threshold 
limits in assessing the influence of environment on animal performance, health and well-being. 
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Figure 2.4: A model of the dynamic response of animals to environmental deviations (adapted 
from Young et al. 1998). 
 
2.3.5 Animal Genotype or Breed Differences 
While the humped cattle of Indian origin (Bos indicus or zebu cattle) and the generally humpless 
cattle of Europe and Africa (Bos taurus) arose from a common ancestor, these two subspecies have 
undergone separate evolution for several thousand years (Hansen 2004). Figure 2.5 illustrates that 
cattle from zebu breeds are better able to regulate rectal temperature and sweating rates in response 
to heat stress than cattle from a variety of Bos taurus breeds (Gaughan et al. 1999). 
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Figure 2.5: Differences between Hereford (closed circles) and Brahman (open circles) in 
regulation of rectal temperature and sweating rate (adapted from Gaughan et al. 1999). 
 
The effects of heat load on different breeds of cattle (Bos indicus, Bos taurus and various degrees of 
Bos indicus in Bos taurus) have also been reviewed by a number of authors (Bianca 1965; Johnson 
1965; Finch 1986b; Blackshaw and Blackshaw 1994; Hammond et al. 1996; Morrow-Tesch & 
Hahn 1996; Hammond et al. 1998; Gaughan et al. 1999; Beatty et al. 2006). Bos indicus breeds 
(e.g. Brahman) although having greater heat tolerance than Bos taurus breeds, often have lower 
levels of productivity (growth rate and reproductive efficiency) than the less heat-tolerant breeds 
(Beatty et al. 2006; Gaughan et al. 2010). 
 
During their separate evolution from Bos taurus, zebu cattle (Bos indicus) have acquired genes that 
confer thermo-tolerance at physiological and cellular levels (Hansen 2004). Cattle from zebu breeds 
are better able to regulate body temperature in response to heat stress than are cattle from a variety 
of Bos taurus breeds of European origin (McDowell et al. 1953b; Cartwright 1955; Allen et al. 
1963; Finch 1986b; Carvalho et al. 1995; Hammond et al. 1996; Gaughan et al. 1999). 
 
 16  
Chowdhury and Sadhu (1961) reported that the structures common to Indian Zebu cattle, such as, 
the hump, voluminous dewlap and navel flap are specially developed in regions with oppressive 
summer heat, and suggest that these special structures may be related to the animal’s greater 
thermoregulatory ability. However, a study by McDowell et al. (1958) assessed the relationship of 
the rhomboideus (hump) muscle in Zebu and European type cattle, and found that the surgical 
removal of the dewlap and hump of Red Sindhi bulls did not have a significant effect on 
thermoregulation. 
 
A study undertaken by Finch et al. (1982) analysed rectal temperatures in relation to sweating rates 
within different breeds of cattle in a natural radiant environment. The relationship between sweating 
rate and rectal temperature was greater for Brahman cattle (B) than for the Brahman cross 
Shorthorn (BX) or Shorthorn cattle (S). The density of sweat glands in Bos indicus is higher than in 
European cattle (Ferguson & Dowling 1955; Nay and Hayman 1956). Nay and Hayman (1956) 
found that Bos indicus cattle had larger and more numerous sweat glands than Bos taurus cattle. 
Importantly, the sweat glands of Bos indicus cattle are more numerous on the mid-side than on the 
dewlap and closer to the surface than for Bos taurus cattle. This may explain why the range and 
mean rectal temperature in Brahman cattle were lower and little affected by environmental heat 
(Figure 2.6). Finch (1985) suggested that Bos indicus cattle demonstrated greater ability to transfer 
heat to peripheral tissues than Bos taurus breeds.  
 
Figure 2.6: Mean rectal temperatures for each hour of measurement for each breed (adapted 
from Finch et al. 1982). 
 
The study conducted by Gaughan et al. (1999) used five genotypes; Hereford (H), Brahman (B), H 
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humidity index (THI)  90; see Section 2.8.3 for a detailed description of THI), B had significantly 
(P  0.05) lower rectal temperatures and respiratory rates than the other genotypes (Table 2.2), 
which may be indicative of greater surface area per mass to dissipate heat and lower metabolic rate 
than other genotypes (Gaughan et al. 1999). 
 
Table 2.2: Rectal temperature (RT) and respiratory rate (RR) of Hereford (H), Brahman (B), 
H x B, H x Boran (H x Bo), and H x Tuli (H x T) genotypes during a 10-h heat stress period 
(mean THI > 90) (adapted from Gaughan et al. 1999). 
Genotype 
 H B H x B H x Bo H x T 
THI  90      
RT, C 40.3 39.0 40.0 39.5 39.5 
RR, breaths/min 168 104 139 171 166 
 
Three Zebu and three Highland mature heifers were used in a study by Seif et al. (1979) to 
determine the effect of a moderately high environmental temperature (31 C) on temperature-
regulatory responses of cold- and heat- tolerant cattle to thermal stress. Following an adjustment 
period to 31 C, feed consumption of the Highland heifers had decreased by 31 % and oxygen 
consumption by 19 %, indicating reduced heat production. Water consumption increased by 190 %. 
Feed consumption in Zebu cattle lowered by 19 %, respiratory rate increased by 100 % and water 
consumption by 50 %. Johnston et al. (1958) concluded that the greater heat tolerance of Indian 
type cattle is due to lower basal heat production rather than a more efficient heat loss mechanism. 
 
The physiological responses of Bos taurus and Bos indicus cattle to prolonged, continuous heat and 
humidity were studied by Beatty et al. (2006). In these studies a linear increase of wet-bulb 
temperature and respiratory rate was observed in both genotypes as the wet-bulb temperature rose 
from 26 C to 32 C. The prolonged exposure to heat and humidity caused a significant increase in 
core body temperature for both genotypes indicating that the animals heat loss mechanisms could 
not compensate fully for the excessive heat load. Associated with the rise in core body temperature 
were clinical signs of heat stress in the Bos taurus animals including open-mouthed panting, 
drooling, reluctance to stand/rise, increased licking of coat, and general dullness including 
neurological signs of staring and glazed eyes. The Bos indicus in this experiment had an increase of 
core body temperature of 2.3 C from the lowest recorded mean core body temperature. 
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Dark-hided cattle have higher respiratory rates, panting scores and skin temperatures than light 
coloured cattle (Brown-Brandl et al. 2003; Brown-Brandl et al. 2006). Behavioural observations 
revealed that there was a decrease in eating and lying behaviour, and an increase in drinking and 
standing behaviour of the heat-stressed cattle. It was also found that the Angus heifers adjusted their 
behaviour more extensively than the other cattle (Brown-Brandl et al. 2003; Brown-Brandl et al. 
2006). 
 
2.3.6 Coat Type 
Different cattle genotypes possess dissimilar coat type characteristics; the Bos taurus type cattle 
typically possess a deep woolly coat whereas the Bos indicus type cattle have a coat which is sleek, 
dense and thin (Yeates 1977; Finch 1986a). The deep woolly coat of the Bos taurus impedes both 
evaporative and non-evaporative heat loss (Yeates 1977). It reduces heat flow via conduction and 
convection and exacerbates the effects of heat stress (Berry et al. 1962; Finch et al. 1984). In still 
air (e.g. climatic chambers) heat exchange through the coat or boundary layer will be primarily by 
movement through entrapped air and along hair fibres (Gebremedhin 1985). 
 
If the air temperature exceeds skin temperature, or if an animal is in the sunlight, the movement of 
heat through the coat will result in a net inward flow of heat through the coat or skin. For this 
reason, resistance of the animal coat to environmental heat flow is of great importance to body 
temperature control (Finch 1986a). To maintain the same control over body temperature as Bos 
indicus, Bos taurus must evaporatively lose approximately 20 % more heat from the skin (Finch 
1986a). The reason for the higher heat loss from the skin of Bos taurus is because the dense flat coat 
of the Bos indicus type cattle provides greater resistance to heat transfer to the skin, due to the 
smooth surface reflecting radiation at or near the surface when the animal is exposed to solar 
radiation (Finch 1986a; Hansen 2004). When the coat hair of Shorthorn cattle (Bos taurus) was 
clipped there was a reduction in the magnitude of hyperthermia in response to heat stress (O'Bannon 
et al. 1955). There is a correlation between body temperature and productivity of beef cattle in the 
tropics, where, sleek dense coats are associated with lower body temperatures and higher growth 
rates when compared to deep woolly coated cattle (Findlay 1950; Turner & Schleger 1960; Peters et 
al. 1982). This has been recently demonstrated in dairy cattle by Dikmen et al. (2008) who was able 
to show that slick-haired Holstein cows were able to regulate body temperature more effectively (< 
39°C) than wild-type Holstein cows (> 39°C) when exposed to an acute increase in heat stress (THI 
ranging from 81.4 - 84.4). 
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2.4 ANIMAL RESPONSES TO EXCESSIVE HEAT LOAD 
Physiological responses to thermal heat loads are dynamic and complex, involving genotype, age, 
body condition, nutritional, and health status aspects (Hahn 1999). The animal integrates the 
environmental conditions and then responds adaptively. A variety of measures can be used to 
indicate heat stress including: behavioural observations, rate of gain, daily feed intake, carcass 
traits, immune function, core body temperature, and respiratory rate (Eigenberg et al. 2005). 
 
Responses of animals vary according to the type of thermal challenge: short-term adaptive changes 
in behavioural, physiological, and immunological functions (survival oriented) are the initial 
responses to acute events, while longer-term challenges impact performance-oriented responses 
(e.g. altered feed intake and heat loss which affect growth, reproduction and efficiency) (Hahn et al. 
2005). The acute response generally occurs within a few days of the onset of hot climatic conditions 
and is usually accompanied by a reduction in productivity resulting, for example from a reduction in 
feed intake of feedlot cattle. If the climatic conditions continue but are not severe, animals quickly 
acclimatise and return to the chronic phase of heat stress (adaptation) (Alnaimy et al. 1992). 
 
There are a number of physiological responses that enhance heat loss in cattle e.g. repartitioning of 
blood flow to peripheral tissue, increased sweating rate and elevated respiratory rate (Schleger & 
Turner 1965; Igono & Johnson 1990; Igono et al. 1992; Blazquez et al. 1994; McGovern & Bruce 
2000). Depending on the degree of stress these responses maybe associated with milk production, 
growth, health and wellbeing (Hafez 1968; McDowell 1972; Kabunga 1992; Hahn & Nienaber 
1993; Gaughan et al. 1996).  
 
2.4.1 Productivity 
Substantial declines in animal productivity have been observed in response to specific 
environmental conditions (Ames & Ray 1983). Figure 2.7 (adapted from Ames and Ray (1983)) 
depicts the response of animals to seasonal climatic changes over a production cycle characterised 
by an intermediate phase with unfavourable climatic conditions. When cattle are exposed to a 
stressful climate, a rapid decline in productivity may occur. If the stress is not too severe, 
productivity will quickly stabilise, usually at a reduced level. This is the acute phase response, and 
would normally occur in a few days. This is followed by a period of acclimation to climatic 
conditions and the net result is an improvement in productivity. A third phase of response occurs 
when the climate changes to more favourable conditions, and performance is not limited by these 
conditions (Ames & Ray 1983). 
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Figure 2.7: Animal responses to changes in climatic conditions (adapted from Ames and Ray 
(1983)). 
 
2.4.2 Respiratory Rate and Panting 
The first response of cattle exposed to environmental temperatures above their thermoneutral zone 
is to increase respiratory rate. This enables increased heat dissipation by evaporating more moisture 
from expired air, and can account for up to 30 % of total heat dissipation (McLean 1963).  
 
Heat loss through respiration includes both sensible and latent losses. The animal takes in air at a 
given temperature and relative humidity. Heat from the body warms the air to near body 
temperature and relative humidity. At the same time, the warmed air approaches saturation 
following an adiabatic process. Latent loss is heat transfer associated with removal of moisture 
(Loewer et al. 1983).  
 
Air exhaled by cattle has a temperature of 37.8 
o 
C and 95 % relative humidity (Brouk et al. 2001). 
The amount of cooling via respiration is limited by the number of breaths per min and the 
difference between the temperature and relative humidity of the air inhaled and exhaled (Brouk et 
al. 2001). As temperature and humidity increase the ability to use respiratory rate as a cooling 
mechanism is decreased. As the effectiveness of respiration decreases, evaporation of supplemental 
water from the skin of cattle can be used to increase heat loss provided there is adequate air 
movement (Brouk et al. 2001). 
 
Respiratory rate is of particular interest as a physiological response, as a large body of research 
supports a positive correlation between respiratory rate and dry-bulb temperature (Kibler & Brody 
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1950; Hahn et al. 1997; Eigenberg et al. 2000; Gaughan et al. 2000; Mitlohner et al. 2001; 
Eigenberg et al. 2005). 
 
Different genotypes respond differently to higher temperatures. Sindhi × Jersey (F1) crossbred cows 
showed a smaller rise in rectal temperature than did Jerseys in a study of respiratory activity as an 
index of heat tolerance (McDowell et al. 1953b). The Jerseys had higher respiratory activities which 
compensated for their lower heat tolerance. Respiratory rate proved to be a less sensitive index of 
heat tolerance than respiratory volume. In this study there was no significant correlation between 
rectal temperature and respiratory rate (McDowell et al. 1953b). 
 
Importantly, based on the data collected, respiratory rate was the best physiological indicator of 
stress (Hahn et al. 1999; Gaughan et al. 2000; Brown-Brandl et al. 2005) for the following reasons: 
1) little or no lag time is associated with it, 2) it is consistently affected in all weather categories and 
3) it is an easy parameter to monitor without the need for additional and costly equipment (Brown-
Brandl et al. 2005). 
 
Respiratory rates of cattle on four livestock voyages were assessed by Norris et al. (2003); findings 
included that breed and ambient temperature were each significantly (P < 0.001) associated with 
respiratory rate. The highest respiratory rates were in Hereford and Shorthorn (mean, 78.2 and 73.8 
bpm respectively) compared to Droughtmaster (55.1 bpm) and Brahmans (40.1 bpm). The 
respiratory rates for all cattle increased by 5.7 bpm for each increase of 1 ºC in ambient 
temperatures above 25 ºC. The mean (± SEM) ambient temperature was 31.4 ± 0.3 ºC and the mean 
relative humidity was 80.6 ± 0.8 % (Norris et al. 2003). 
 
Respiratory rate and panting are useful indicators of heat load in cattle because an increase is often 
the first visual response to hot conditions. Both are primarily influenced by ambient temperature 
(Ta) and are easy to observe (Gaughan 2002).  
 
The term panting can be applied to an increase in the volume of air breathed per unit time (i.e., 
respiratory ventilation) which is induced to meet thermoregulatory requirements (Hales 1976). 
During severe heat stress (e.g. ambient dry-bulb = 40 C and wet-bulb temperature = 38 C) there 
are two phases in the respiratory response while deep body temperature increases towards 42 C: 
respiratory frequency first increases and then decreases although remaining well above control 
levels. Concurrently, tidal volume decreases and then increases to equal or even exceed control 
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levels. Thus there is a first phase of rapid shallow panting, followed by a second phase of slower 
deeper panting, resulting in a continual increase in total respiratory ventilation (Hales 1976). 
 
A respiratory rate ceiling has been reported by Kibler et al. (1949), Worstell and Brody (1953), 
Spiers et al. (1994) and Gaughan et al. (1999). These researchers have noted that respiratory rate 
could have a maximum ranging from under 100 to approximately 200 breaths/ min.  However, a 
study by Brown-Brandl et al. (2005) and others have not noted this ceiling or maximum respiratory 
rate (Hahn et al. 1997; Brown-Brandl et al. 2004). The studies that found this ceiling or maximum 
respiratory rate all applied a constant high temperature to the animals for an extended period (10 h-
several days), while researchers that did not find this ceiling had applied a cyclic temperature 
pattern, or observed the animals under field conditions. There are several possible reasons for this 
ceiling in respiratory rate: increased alveolar ventilation, possible muscle fatigue, and acclimation to 
the environment. Because the experiments that found the ceiling in respiratory rates were conducted 
under artificial conditions the results may not be applicable to field conditions (Brown-Brandl et al. 
2005). 
 
The increase in alveolar ventilation occurs during periods of extreme weather. Visual observations 
of cattle during periods of heat stress indicate cattle occasionally take a deep breath in the midst of 
panting. As an animal pants, the air moves only through the upper part of the respiratory tract to 
evaporate moisture, but not completely ventilating the lungs. An occasional deep breath is 
necessary to exchange oxygen and carbon dioxide (Hales & Findlay 1968). The RR ceiling is 
associated with a shift from rapid shallow breathing to slower open mouth panting.  A simple 
panting score has been used to assist in the assessment of heat load in cattle. The panting score 
concept was developed by Mader et al. (2002), and modified by Gaughan (2003). Panting scores 
range from 0 (normal) to 4.5 (animal severely stressed) (Table 2.3). Cattle with a PS  3.5 are in 
danger and without some form of relief from the hot conditions death is possible (Gaughan 2003). 
 
 
 
 
 
 
 
 
 
 23  
Table 2.3 Breathing Condition and Panting Score (PS) (Mader et al. 2002). 
Breathing Condition PS 
No panting – normal 0 
Slight panting, mouth closed, no drool or foam. 1 
Fast panting, drool or foam present. 2 
As for 2 but with occasional open mouth. 2.5 
Open mouth + some drooling. Neck extended and 
head usually up. 
3 
As for 3 but with tongue out slightly. 3.5 
Open mouth tongue out + drooling. Neck extended 
and head up. 
4 
As for 4 but head held down 4.5 
 
There are no differences in mean panting scores between animals confined in a fully housed system 
and cattle that are partially housed (Gaughan et al. 2009a); however, the animals in this study that 
had no shelter and were housed in open pens had a greater mean panting score when the 
Temperature Humidity Index (refer to 2.8.3) was ≥ 84.  
 
2.4.3 Body Temperature 
An animal’s ability to maintain a normal body temperature is determined in a hot environment by 
its ability to dissipate excess heat (Dowling 1956). Core body temperature has apparent value since 
by definition it is a summary of all thermoregulatory events. Any imbalance of the heat loss and 
heat production or gain results in a change in core body temperature. However, core body 
temperature lags ambient temperature by 1 - 5 h, and is dependent on ambient conditions. The lag 
time in core body temperature may seriously delay indication of stress until it is too late for the 
producer to respond (Brown-Brandl et al. 2005). 
 
Core temperature of cattle is approximately 38.6 
o
C with a range of 38.0 to 39.3 
o
C   (Williamson & 
Payne 1978; Redding 1981). Under thermoneutral conditions the core body temperature of cattle 
remains relatively constant and follows a diurnal rhythm (Curtis 1983; Hahn et al. 1997; Gaughan 
2002). During high heat load conditions the magnitude of the change in the diurnal rhythm is 
amplified (Hahn et al. 1997; Gaughan 2002). However, if the duration and magnitude of a heat 
event is such that cattle are failing to cope, the diurnal rhythm may not be seen (Gaughan et al. 
2003). As ambient temperature increases the animal initiates peripheral vasodilation mechanisms, 
followed by sweating in order to maintain core body temperature. If vasometer mechanisms and 
sweating rate are not sufficient to maintain core body temperature then respiratory rate will increase 
to remove excess body heat (Gaughan 2002). 
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Technologies for monitoring body temperature in cattle are varied and have used different avenues 
(rectal, tympanic, ruminal, vaginal, venous) to reach the “core”, yet each has inherent limitations for 
the non-invasive monitoring of body temperature changes (Willard 2006). Rectal temperature is 
often used as the preferred indicator of thermal status, but is also the response with the greatest lag 
time (Scharf et al. 2008). This lag or lack of change in rectal temperature response has been 
observed during acute heat stress (Lefcourt & Adams 1996). There is a one to three hour delay 
between a change in rectal temperature, in laboratory or field environments, and the shift in core 
body temperature (Hahn et al. 1997; Mader et al. 1999; Brown-Brandl et al. 2005). A more reliable 
expression of this relationship is possibly the hysteresis loop. The hysteresis loop may reflect a 
delayed rise in core temperature as air temperature increases during the day, followed by a delayed 
decrease with a reduction in air temperature during the latter half of the day (Spiers 2006), however 
this is yet to be validated. 
 
The unreliability of rectal temperature as an immediate response to thermal challenge was not seen 
by McDowell et al. (1976). It was concluded by McDowell et al.  (1976) that a rise of 1 ºC or less 
in rectal temperature is enough to reduce performance in most livestock species, which makes body 
temperature a sensitive indicator of physiological response as it is nearly constant under normal 
conditions.  
 
There are notable differences between breeds in their ability to regulate rectal temperature: the 
mean rectal temperature is higher in Bos taurus than in Bos indicus cattle (Finch 1986). For more 
detailed information on genotype and breed differences in rectal temperature refer to section 2.3.5. 
 
2.4.4 Skin Temperature 
From the turn of the 20
th
 century, investigators have been fully aware of the importance of surface 
area in the exchange of heat between an animal and its surroundings. It can be assumed that the 
greater the surface area of an animal in proportion to weight, the more readily heat loss will occur; 
so that an animal with greater proportional surface area might be expected to have a greater heat 
tolerance (McDowell et al. 1953a). 
 
To provide a satisfactory method of estimating changes in heat storage, McLean et al. (1983b) 
found that the high temperatures noted on all skin regions (lower trunk, upper limb, lower limb and 
ear) suggest that the skin of the animals was fully vasodilated when the ambient temperature was 
high. When the ambient temperature fell; however, the effects of vasoconstriction were apparent 
with successively lower temperatures recorded on the skin regions. 
 25  
When an animal lies down both lower limb and dewlap temperatures can be affected by contact 
with the floor, the metalwork of the holding stall or with other skin regions and it becomes difficult 
to distinguish between the effects of postural and thermal influences on these temperatures 
(McLean et al. 1983b). 
 
Recently, use of thermography has been shown to be a low-cost approach to estimate actual skin 
surface temperature of the animals. If the skin surface temperature is below 35C, the temperature 
gradient between the core and skin is large enough for the animals to effectively use all four routes 
of heat exchange; conduction, convection, radiation and evaporation (Collier et al. 2006). 
 
Infrared skin temperature is highly correlated with respiratory rates and is a good measure of the 
microenvironment around the animal (Figure 2.8). Furthermore, the measurement can be taken from 
a distance, which does not require restricting the movement of an animal (Collier et al. 2006). 
 
 
 
 
Figure 2.8: Correlation between surface temperature and respiratory rate in Holstein cows. 
Data points represent individual left-side infrared surface temperature and respiratory rate 
per minute of Holstein cows under 3 different shade management systems (in pens 1,3, and  6) 
that included oscillating fans with misters, Shade Tracker (pen 1, ●); reverse chimney fans 
with misters (pen 3, ♦); or fans alone (pen 6, ) (adapted from Collier et al. (2006)). 
 
2.4.5 Sweating 
Worstell and Brody (1953) first studied the sweating of cattle, they had an extreme view that cattle, 
unlike man, but like rabbit, do not sweat. Others have shown that a sweating mechanism is in fact 
present (Dowling 1955a, 1955b; Ferguson & Dowling 1955; Taneja 1956; Dowling 1958).  
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An experiment to show the difference in body temperature of animals exposed to high atmospheric 
conditions with and without a polyethylene coat was conducted by Dowling (1958) who found that 
the coat prevented most of the vaporisation of skin moisture. Results clearly showed that the plastic 
coat prevented the animals from regulating body temperature. When the plastic coats were 
removed, the sweat which had accumulated in the hair coats evaporated and the body temperatures 
returned to normal, the respirations became slower, and the animals were at ease (Dowling 1958). 
 
 A later experiment conducted by Gaughan et al. (1999), aimed to evaluate the heat tolerance of 
different breeds of cattle. In conclusion, the sweating rates were significantly greater for the Bos 
indicus x Bos taurus crosses (221g/ (m
2
.h)) than for the purebred genotypes and the Bos taurus 
cross (172g/(m
2
.h). It was also concluded that the ability of the Bos indicus crosses to dissipate heat 
through enhanced sweating rates and associated evaporative cooling was evident. 
 
2.4.6 Behaviour and Body Position 
Behavioural signs can be used to indicate body heat load. The following list of clinical signs (CS) is 
in order of increasing load, and indicative of the development of excessive heat load in grain fed 
cattle in hot environments (Young & Hall 1993). 
1. Body alignment with solar radiation 
2. Shade seeking 
3. Refusal to lie down 
4. Reduced feed intake 
5. Crowding over water trough 
6. Body splashing 
7. Agitation and restlessness 
8. Reduced or stopped rumination 
9. Grouping to seek shade from other animals 
10. Open-mouth and laboured breathing 
11. Excess salivation 
12. Ataxia/inability to move 
13. Collapse, convulsions, coma 
14. Physiological failure and death 
 
Productivity will drop with cattle reducing intake (CS 4); however, cattle can usually cope 
physiologically up to CS 9. The onset of CS 10, rapid shallow breathing facilitates moisture 
evaporation from the upper respiratory tract but the efficiency of evaporation cooling falls 
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dramatically with open-mouth breathing. If this second stage breathing persists, managerial 
intervention is often necessary to avoid unacceptable consequences (Young et al. 1997). 
 
Animals may lose heat to the surroundings, by radiation, as well as to the air, by convection and 
evaporation, when the radiosity of the surroundings is less than that of the animal’s surface. For an 
animal standing on a dry, solid surface (with minimal effective contact area), direct heat dissipation 
or assimilation by way of conduction is trivial and can be reasonably ignored (Esmay 1969; Arkin 
et al. 1991; Kimmel et al. 1991). The significance of the direct heat dissipation in a recumbent or 
prostrate animal, where direct contact with a surface is increased, is much greater and Stanier et al. 
(1984) noted that its importance as a behavioural, thermoregulatory mechanism in some animal 
species (whereby animals habitually rest their body on unfolded legs to minimise contact with a hot 
surface). This suggests that the adoption of such behaviour in recumbent animals might also be 
indicative of an unfavourable thermal environment (Gaughan et al. 2004b). Compared to an animal 
in the open, an animal housed within some form of structure, such as between decks on a livestock 
carrier, will not be subjected to any substantial component of short-wave solar radiation. The degree 
to which the animal may be exposed may depend on the temperature of the ship’s superstructure, 
and it may be subject to significant long-wave radiation from the superstructure (Gaughan et al. 
2004a). 
 
Kelly et al. (1950) have shown that lowering temperatures of certain parts of the surround affects 
the radiation heat load on the animal. Koknaroglu et al. (2008) found that cattle in confined housing 
compared to cattle in open lots were not able to dissipate heat stored during the day and in turn were 
affected by the previous days’ conditions, in this instance, the building that housed the cattle, stored 
heat during the day and dissipated it during the night and next day. 
 
There is a marked increase in the metabolism of cattle when standing as compared with lying 
position (Armsby & Fries 1913). They concluded that the increased heat emission by cattle during 
standing represents the increase in heat production.  
 
The number of cows resting or ruminating in standing position has shown an increase linearly as 
temperatures increased. A standing cow maximises evaporation from the body surface and also has 
benefit from convention due to air movement (Shultz 1984).  
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2.4.7 Water Intake 
Water is an important compound for living organisms. Considered the most necessary component of 
the cell protoplasm, it possesses high heat capacity and cooling ability, and is essential for nutrient 
transport, body temperature regulation and pH maintenance of organic fluids (Insel et al. 2004). 
 
Water is required as an essential component and nutrient of the body and also to allow heat 
dissipation by conductive and evaporative means (Williamson & Payne 1978). Whenever 
evaporation is used as a thermoregulatory response during periods of high heat load an animal’s 
water use increases as well as body water content (Curtis 1983; Alnaimy et al. 1992).  
 
There are three sources of water available for cattle requirements:  drinking water, water contained 
in feed, and metabolic water produced by oxidation of organic nutrients (NRC 1981). Water 
requirements under various thermal environments are summarised in Table 2.4.  
 
Table 2.4: Water requirements of beef cattle in different thermal environments 
Thermal environment Water requirements (kg/kg DMI
a
) 
35C 8 to 15 
25 to 35C 4 to 10 
-5 to 15C 2 to 4 
(Adapted from NRC (1981)) 
a
 DMI = Dry Matter Intake 
 
Time of the day also affects the consumption rate and amount of water intake (Ragsdale et al. 1950; 
Johnson & Yeck 1964). When the environmental temperature exceeds 26.6 C, cattle drink mainly 
in the afternoon and evening with very little water consumed at other times of the day (Ragsdale et 
al. 1950). When the ambient temperature exceeds 32.3 C; however, cattle drink approximately 
every 2 h (Ragsdale et al. 1950). Night-time consumption of water increased from 20 L at 20 C to 
70 L at 30 C in Bos taurus heifers (Yousef et al. 1968).Water requirements of Bos indicus cattle 
are generally lower than that of Bos taurus cattle under the same environmental conditions (Yousef 
et al. 1968; Olbrich et al. 1972; Mount 1979; Beatty et al. 2006). 
 
Water is lost through urine, faeces and also evaporation from the body surface and respiratory tract, 
although when exposed to a high heat load cattle may lose a significant amount through salivation 
(drooling) (McDowell & Weldy 1967). Yousef et al. (1968) reported that water consumption was 
related to the type of ration. Animals on high salt or protein allowances and high roughage rations 
 29  
consumed significantly more water than did similar animals on low salt, protein, and roughage 
rations.  
 
The factors that affect drinking water intake include; cattle size, cattle breed, ration type, ration and 
drinking water salt content, ambient temperature, humidity, wind, solar radiation, and rain (Watts et 
al. 1994). 
 
The following general effects are known: 
 water consumption increases with increasing weight of cattle (Watts et al. 1994) 
 Bos indicus cattle drink less water than Bos taurus cattle (Winchester & Morris 
1956). 
 water intake is positively related to protein, pentosans, crude fibre and salt content of 
the ration (Watts et al. 1994) 
 cattle rely on evaporative cooling to maintain their normal body temperature under 
conditions of high temperature, high relative humidity, and low wind speed. To do 
this, their water intake must increase (Watts et al. 1994) 
 rain decreases water intake (Watts et al. 1994) 
 
High environmental temperatures not only increase respiratory rate and sweating rate of cattle, but 
also decrease feed intake and increase intake of drinking water (Yousef & Johnson 1966).  
 
Chilled drinking water decreased rectal temperature, increased milk production and improved milk 
composition as well as reproductive performance in a study conducted by Purwanto et al. (1996). 
Stermer et al. (1986) found that chilled water (10 C) reduced body temperature although in the 
study chilled water was only about 32 % effective in reducing body temperature, and it was 
doubtful if the effect was prolonged enough (about 2 h) to keep the body temperature of cows from 
rising above the critical temperature of thermoneutrality. Milam et al. (1986) also found that 
drinking water at 10 C had a greater cooling effect than drinking water that was 28 C.  
 
Water consumption declines as drinking water temperature decreased, but the cooling effect of low 
temperature water is greater. Both respiratory rates and deep rectal temperatures decrease within 40 
min after watering, indicating a transient cooling effect of chilled water (Lanham et al. 1986). 
 
Heat load affects appetite and digestion first via elevated body temperature, and secondly due to an 
increase in gut fill. The different responses to heat load are related (a) to the fact that heat load 
 30  
effects simultaneously both the energy and water metabolism, and (b) to differences among 
ruminants in their insulation properties and body size (Silanikove 1992). 
 
Thermal stress has a great influence on animal behaviour, by increasing water intake, frequency of 
water use, and increased time that the cows spend drinking water (Perissinoto et al. 2003). Results 
of trials involving water salinity are controversial. While some researchers found no effect on 
lactational performance and water intake in response to water salinity (Bahman et al. 1993), others 
found higher milk yields and water intake in cows receiving desalinated water, as compared to 
animals drinking natural salty water (Solomon et al. 1995). However, results of a trial conducted by 
Winchester and Morris (1956) conducted a study to determine whether or not ambient temperature-
dry matter consumption-water intake relationship can be used to estimate water intake of cattle, and 
the ratios of water intake per unit of dry matter ingested at various ambient temperatures. The 
calculations made apparent the existence of two distinct curves representing water intake rates 
respectively of European and Indian cattle (Figure 2.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Water intakes expressed as a function of dry matter consumption and ambient 
temperature (adapted from Winchester and Morris (1956)). 
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McLean et al. (1983b) found that the pattern of heat exchanges with peaks in the rate of heat 
production preceding peaks in apparent heat loss by 30 min reflects the fact that a major cause of 
body cooling occurred when the animals were given water to drink half an hour after feeding. 
 
2.4.8 Feed Intake 
During heat stress, thermoregulatory mechanisms, such as sweating and panting, are activated to 
dissipate heat from the body, which helps to maintain homeothermy (Young 1988). Additionally, 
under hot conditions, cattle reduce dry matter intake and consequently the heat generated from 
rumen fermentation and metabolism, which also helps to maintain homeostasis (Sanchez et al. 
1994). Beatty et al. (2008) found that if these thermoregulatory mechanisms fail to match heat loss 
to heat production, then the core body temperature of the animal rises.  
Increases in body heat production peaked three hours after morning and afternoon feedings in high 
producing dairy cows. Diurnal heat production and, to a certain degree, heart rate pattern depend on 
feeding time and total feed intake (Purwanto et al. 1990). These conclusions are also similar to 
findings by Olbrich et al. (1973) who reported higher respiratory rates for cattle consuming high 
concentrate diets vs. cattle consuming high roughage diets (10 vs. 55 % cottonseed hulls). 
 
Altering feeding time and/or amount have been shown to be beneficial in reducing heat stress 
(Brosh et al. 1998). Feeding cattle later in the day prevents the coincidal occurrence of peak 
metabolic and environmental heat load (Reinhardt & Brandt 1994; Brosh et al. 1998). Limiting 
energy intake can effectively decrease basal metabolic heat production (Carstens et al. 1989) and 
therefore decrease total metabolic heat load of animals subjected to high environmental 
temperatures. Davis et al. (2003) reported that altering feeding regime and/ or sprinkling cattle 
significantly decreased cattle heat stress, as determined from tympanic temperature. 
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Figure 2.10: Effect of different diets and feeding strategies on rectal temperature of steers 
exposed to hot conditions (LRA = low roughage diet ad libitum; LRR = low roughage diet 
restricted intake and HRA = high roughage diet ad libitum (adapted from Mader et al. (1999)). 
 
When Hereford steers are fed 40 % and 25 % roughage diets, respectively, dry matter intake and 
metabolisable energy intake are unaffected by EHL (Mader et al. 1999). However, when 10 % 
roughage diet was fed to the steers, dry matter intake and metabolisable energy intake decreased 
significantly (P  0.05) for the steers even though steers were exposed to excessive heat load for ten 
days previously (Mader et al. 1999)(Figure 2.10). 
 
Many physiological responses to thermal stress are strategies for maintaining normal core body 
temperature. Reducing dry matter intake, and therefore heat generated during ruminal fermentation 
and body metabolism, aid in maintaining heat balance. Additionally, elevated respiratory rates and 
water intake, resulting from increased environmental temperatures, lead to concomitant reductions 
in dry matter intake (Roman-Ponce et al. 1977; Mallonee et al. 1985).  
 
Restricting feed intake in feedlots was one of the factors assessed in an experiment conducted by 
Mader et al. (2002) and Holt et al. (2000) with both studies showing that restricting the feed intake 
rather than ad libitum feeding significantly (P  0.05) lowered body temperature of the cattle.  
 
In studies conducted by Mader et al. (1999) and Gaughan, et al. (1996) feeding steers in the 
afternoon was not found to be an effective method of maintaining DMI under hot conditions. As a 
percentage of body weight, steers fed in the afternoon (pm) under hot conditions had significantly 
lower metabolisable energy intake, while the steers fed morning or split fed (30 % roughage diet fed 
at 0800 h and 6 % roughage diet fed at 1600 h) under hot were unable to maintain DMI at a level 
equal or greater than steers fed under thermoneutral conditions.  
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The immediate response of animals to heat stress is reduced feed intake, in an attempt to bring 
metabolic heat production in line with heat dissipation capabilities (NRC 1981). Many of the 
studies investigating the effects of thermal environment on intake of cattle have been measured 
mainly in cattle confined to controlled climate laboratories. While in principal there is an inverse 
relationship between ambient temperature and intake, the response is variable and dependent on the 
animal’s thermal susceptibility, acclimatisation, and diet (Young 1987). Cattle in confinement have 
a lower dry matter intake than those cattle in open lots and those in open lots with access to shade 
(P < 0.05) (Koknaroglu et al. 2008). 
 
Increasing rectal temperature has a direct negative effect on feed intake (Bianca 1965). Increased 
respiratory rate, especially open-mouthed breathing, will have a direct mechanical restriction on the 
ability of the animal to maintain eating and chewing behaviour (Hall 2000). Cattle change their 
eating behaviour under hot conditions, eating smaller meals more often, with the meals 
concentrated in the ascending portion of the body temperature circadian rhythm and, for grazing 
animals, at night (Nienaber & Hahn 1991).   
 
The increase in physiological responses such as rectal temperature, heart rate and respiratory rate, 
under hot environmental conditions is a protective mechanism of homeothermic animals to maintain 
their heat balance by increasing the evaporative heat loss (Purwanto et al. 1993). 
 
Under heat stress, there are two advantages to reducing heat production: 1) an increase in metabolic 
efficiency, and 2) less heat to be dissipated. A cow’s tendency to reduce feed intake under heat 
stress is a protective mechanism (Coppock 1985). 
 
Provided that there are no other adverse effects, a cooling of peripheral tissues at night and 
rewarming by day could result in a reduction in overall metabolic activity and hence in food 
requirement. Amongst farm animals, those which allow a greater variation in body heat storage 
could in theory have an advantage in terms of food conversion efficiency (McLean et al. 1983a). 
 
Introduction of Zebu and Jersey heifers into a hot controlled environment had an immediate effect 
on the diurnal maxima of feed consumption, which were materially reduced. The effect was greatest 
on the Jerseys, which continued to eat at a reduced rate throughout the remainder of the study. The 
Zebu’s were not so severely affected, consistently eating more than when in thermoneutral 
conditions, and actually consumed a greater total quantity of feed (Allen et al. 1963). Even though 
feed intake reduction usually occurs on the first day of hot conditions, the endogenous metabolic 
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heat load from existing rumen contents adds to the increased exogenous environmental heat load 
(Hahn et al. 2005). 
 
2.5 THERMAL INDICES 
Previous indices have been developed for human applications, with emphasis on assessment of 
comfort, involving both psychological and physiological aspects (Hahn et al. 2003). These indices 
include “Effective Temperature” (ET) developed by Houghten and Yaglou (1923), which combined 
the effects of air temperature and humidity with wind speed. Another human index was the 
“Discomfort Index” (DI), the equation being:  
DI= 0.72(DB + WB) = 40.6  
Where DB is dry-bulb air temperature (C) and WB is wet-bulb temperature (C). The DI was 
proposed by Thom (1959), to assess levels of discomfort for humans during summer months using 
dry-bulb temperature; dewpoint and humidity, which was later renamed as the Temperature 
Humidity Index (THI) and can be defined as: 
THI = TDB + 0.36 x Tdp + 41.2 
Where TDB is the dry-bulb temperature in C and Tdp is the dewpoint temperature in C (adapted 
from Thom (1959) in Hubbard et al. (1999)). 
 
The earliest example of the application of the THI as the basis for livestock response functions was 
for milk production decline (MDEC, kg/cow-day) of dairy cows, which was linked to the THI by 
means of the equation (Berry et al. 1964): 
MDEC = 1.075 - 1.736(NL) + 0.02474(NL) (THI) 
Where NL = normal level of milk production in thermal neutral conditions, kg/cow-day (Hahn et al. 
2003).  
 
Cargill and Stewart (1966) also applied the THI as an index to assess its suitability for predicting 
milk production in cows. The basic idea of such an index is that certain combinations of dry and 
wet-bulb temperatures exert the same influence on a biological process. Therefore, all the various 
combinations of dry-bulb and wet-bulb temperature that result in the same THI value would be 
expected to have the same effect (Albright & Alliston 1971). 
 
The THI has further been used as the basis for the Livestock Weather Safety Index where livestock 
managers recognise three livestock safety categories for environmental management decisions 
(Appendix 1.). A THI  74 generally does not cause safety problems and is called the normal 
condition, alert condition is where THI is 75 to 78, and producers can expect some decrease in the 
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rate of weight gain in cattle (Hubbard et al. 1999). Under danger conditions (THI is 79 - 84) cattle 
show a noticeable decrease in weight gain and when handled, transported, or overcrowded may be 
severely affected. Under emergency conditions (THI  84) without management intervention, 
feedlot cattle mortality can occur, especially when heat persists (Hahn & Mader 1997). 
 
Hubbard et al. (1999) concluded that a one day event of THI ≥ 84 will have minimal effect impact 
on the operation; however, a multi-day event could have a severe economic impact on the 
operation. These findings were again reported by Hahn and Mader (1997) who concluded that 
emergency conditions (THI ≥ 84) for three days or more are related to high death rates. 
 
THI could not effectively predict the physiological consequences of an environment where radiant 
heat was a significant proportion of the total heat load, and the Black Globe Humidity Index 
(BGHI) was proposed which accounted for dry-bulb temperature, relative humidity, and solar 
effects on a spherical black body (Buffington et al. 1981). The BGHI equation for cattle is:  
BGHI = (1.8 * BG + 32) - (0.55 - 0.55 * RH) * (1.8 * BG - 26) 
Where BG is the black globe temperature (ºC) and RH is relative humidity (%). 
Finch (1983) reported that the BGHI equation failed to consider the complex interaction of 
behaviour and acclimatisation and under conditions of little or moderate heat stress. BGHI and THI 
are about equally effective as indices of heat stress (Buffington et al. 1983). 
A study conducted by Brown-Brandl et al. (2005) which assessed heat load and the response of 
shaded and unshaded cattle, also found that the THI lacked input from two of the key weather 
elements - solar radiation and wind speed. Both of these indicators impact the total heat load on the 
animal, which in turn affect the animal’s stress and well-being. These findings were also concluded 
in a study that assessed the environmental factors influencing heat stress in feedlot cattle (Mader et 
al. 2006). These missing variables were the key reason for the implement of a new index known as 
the Heat Load Index (HLI) which was developed by Gaughan et al. (2002) as a guide to manage 
unshaded Bos taurus feedlot cattle during hot weather (>28ºC). The HLI was developed following 
the observation of behavioural responses (RR and panting score) and changes in dry matter intake 
during prevailing thermal conditions. The HLI is based on humidity (RH, %), windspeed (WS, 
m/s), and predicted black globe temperature (PredTBG (ºC), computed from air temperature (TDB, 
ºC), and solar radiation (SRAD, w/m
2
)) : 
HLI = 33.2 + 0.2RH + 1.2PredTBG - (0.82WS)
 0.1
 - LOG10 (0.4WS
2
 + 0.0001) 
Where PredTBG is obtained by calculation: 
PredTBG = 1.33TDB - 2.65(TDB)
 1/2
 + 3.21*LOG10 (SRAD + 1) + 3.5 
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During initial trials in 2002, the HLI was a good indicator of physiological stress on feedlot cattle 
and was implemented as a heat load warning guide as a current and 5-day forecast for producers. 
As stated previously the THI does not include important climatic variables such as solar load and 
wind speed (WS, m/s) and Gaughan et al. (2008) also stated that the THI did not include animal 
factors (genotype differences) and management factors (the effect of shade). A new HLI was 
developed which incorporated black globe (BG) temperature (°C), relative humidity (decimal 
form), WS and also incorporated the panting score (PS) of 2,490 Angus steers. This HLI consists of 
2 parts based on the BG temperature threshold of 25°C: 
 HLIBG>25 = 8.62 + (0.38 x RH) + (1.55 x BG) - (0.5 x WS) + e
(2.4-WS)
, and 
 HLIBG<25 = 10.66 + (0.28 x RH) + (1.3 x BG) - WS where e is the base of the natural 
logarithm. 
  
A threshold HLI above which cattle of different genotypes gain body heat was then developed for 
seven different genotypes. The threshold for unshaded Bos indicus is 96 and for unshaded black Bos 
taurus steers was 86. The threshold adjustments were then developed for other factors such as coat 
colour, health status, access to shade, drinking water temperature, and manure management 
(Gaughan et al. 2008). 
 
The accumulated heat load (AHL) model was developed after this new HLI as a measure of the 
animals’ heat load balance and is determined by the duration of exposure above the threshold HLI 
(Gaughan et al. 2008). Developments of new thermal indices are ongoing and all will be aiming for 
the same goal; improve animal welfare and maintain a high standard of animal performance. 
 
2.6 HEAT LOAD ALLEVIATION 
The application of cooling techniques may help in thermoregulation mechanisms, reducing the 
effects of adverse thermal environment on the animal, improving comfort and performance during 
hot weather (Huynh et al. 2004). Cooling techniques include; increased ventilation and/or air 
movement and water application including sprinklers and misting and a combination of both air 
movement and water application. 
 
2.6.1 Ventilation and Air Movement  
Cooling by air movement is an effective practical means of increasing heat dissipation from cattle 
(Wiersma & Nelson 1967). This form of evaporative cooling through air movement and ventilation 
becomes a primary mechanism by which the animal dissipates heat gained (Mader et al. 2006). 
Ventilation terminology was described by Stowell et al. (2003) as: 
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Natural ventilation: Normally includes air movement caused by either thermal buoyancy 
(temperature differences) or wind effects. During hot weather wind effects generally dominate. 
Mechanical ventilation: A liberal interpretation associates any use of fans as mechanical 
ventilation. A more rigorous definition is that fans are used specifically to exhaust air from an 
enclosure, blow air into the enclosure, or both.  
Tunnel Ventilation: A specific form of mechanical ventilation that is designed to generate a 
specified interior air speed. 
Circulation fans: Fans that are placed inside a building to mix and distribute air. 
Supplemental cooling fans: Fans that replaced inside of a building to direct air at or past objects or 
surfaces. 
  
Of the four methods of heat dissipation (radiation, convection, vaporisation and conduction) only 
two, evaporative and convective cooling, are affected directly by wind. Of these two, evaporative 
cooling, because of the high latent heat of vaporisation, is by far the more important if the outer 
surface (hair and skin) is moist (Thompson et al. 1954). Increasing the air velocity over cattle 
subjected to high ambient temperatures will reduce skin and body temperatures (Ittner et al. 1951). 
Ittner et al. (1957) reported that increased air movement by means of fans (3.7 mph compared to 
0.63 mph for controls) increased weight gains in beef cattle (1.077 kg/day for animals treated with 
fans compared to 0.586 kg/day for controls). 
 
2.6.2  Water Application 
As ambient temperature approaches skin temperature (39 
o
C) heat loss from the skin is minimal, 
unless the animal is wet (Shearer & Beede 1990; Brouk et al. 2001). Heat exchange is increased by 
wetting the skin, but only if the water can evaporate. There is also some heat removal from the 
animal by direct transfer to water. Where excess water on the floor surface can be accommodated, 
as in free-stall housing, cattle cooling systems using sprinklers and fans have a definite advantage 
over mist systems. The larger water droplets completely wet the hair coat, providing direct 
evaporative cooling on the cow surface rather than depending upon convection cooling with 
evaporatively cooled air (Armstrong 1994). Application of water to heat stressed cattle may serve as 
an immediate relief measure and also prevent death (Arp et al. 1983), and may improve overall 
performance (Nichols et al. 1982). However, the use of water for wetting cattle in confinement may 
lead to an increase in relative humidity (see also section 2.7.4), especially where there is limited air 
movement, and this reduces the ability of the animal to dissipate heat via evaporation (Frazzi et al. 
1997). 
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Ittner (1946) conducted preliminary studies with dairy cattle in the Imperial Valley of Southern 
California. He found that at air temperatures of about (42.7 °C) and relative humidity of 18 %, 
spraying the cows reduced body temperatures approximately 1.5 ºC and slowed respiratory rates by 
about 20 breaths per minute. The first trial was conducted in 1947 with three Hereford heifers, 
having access to shade equipped with three shower heads which provided a fine spray of water 2.4 
m from the ground. The fine spray only wet the ends of the hair of the animals and did not seem to 
provide any relief. One spray head with the hole enlarged to 3.2 mm to wet the animals coat through 
to the skin was then lowered to 1.82 m from the ground. This method of wetting allowed the 
animals with a wet coat to have a body temperature 2 - 3 degrees lower than that of dry animals and 
also a respiratory rate of 20 breaths per minute less (Kelly et al. 1955). 
 
Cattle have difficulty in dissipating heat by evaporative cooling under conditions of high humidity 
and low air movement. Rain and wind enhance body cooling and reduce heat load in hot 
environments and the use of sprinklers is an artificial method of creating a similar effect of cooling 
cattle under conditions of high humidity. Direct sprinkling of water on the surface of the animal 
evaporates, thereby cooling the animals through latent heat of vaporisation (Igono et al. 1985).  
 
Sprinklers 
Curtis (1983) cited experimental work in California in which a sprinkler system plus shade 
effectively cooled heat stressed cattle. At temperatures of 32 C and above, cattle sprinkled for 1 
minute every half hour and allowed access to shade had higher weight gains than cattle offered only 
shade. 
  
A study conducted by Davis et al. (2003) reported that sprinkling reduced overall body temperature, 
which suggests cattle comfort, is enhanced by sprinkling. The experiment also showed that steers 
assigned to morning sprinkling (1000 - 1200 h) had lower (P  0.05) tympanic temperature than 
steers assigned to afternoon sprinkling treatment (1400 - 1600 h). Overall animal productivity in 
this study was not greatly enhanced; however, no negative effects of sprinkling were noted. 
 
The main disadvantage to sprinkling is it creates an environment saturated with humidity, which 
markedly reduces the capability of animals to dissipate heat by evaporation (Flamenbaum et al. 
1986). However, the sprinkler system offers advantages over misting systems. This method does 
not attempt to cool the air, but instead uses a large droplet to wet the hair coat and skin of the 
animal. The animal is then cooled as water evaporates from the hair and skin (Seath & Miller 1948; 
Flamenbaum et al. 1986; Bucklin et al. 1991).   
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 Sprinkling is most effective combined with natural or forced air movement. For effective sprinkler 
and fan cooling systems the basic principles are the same: 1) supply an intermittent spray, 2) use 
large droplet size, and 3) supplement natural air movement mechanically with fans (Bucklin et al. 
1991). Sprinkling cattle under shades during the summer for one minute every thirty minutes when 
the temperature was above 27 °C results in significantly higher feed consumption and rate of gain 
compared with cattle under shade and not sprinkled. Sprinkling was as effective as a refrigerated air 
conditioned barn at 24 °C (Morrison et al. 1973). 
 
Sprinkling improved the microclimate around the cattle in an experiment conducted by (Mader et 
al., 2007). Even though the RH increased in the pens with the sprinkling treatment the THI did not 
increase. Lowering the ambient temperature via the sprinkling process offset any adverse effects of 
increased RH. Although the change THI was small, it was found to be statistically significant and it 
was then concluded that concerns of the THI being increased by the sprinkling and then potentially 
add to heat stress are unwarranted (Mader et al. 2007) . 
 
Misters  
The study conducted by Mitlohner et al. (2001) demonstrated that misted heifers had lower rectal 
temperatures and a lower respiratory rate than unmisted cattle; however, they also concluded that 
water misting in this study did not affect performance of heat stressed cattle. Sprinkling may be 
more effective than misting at alleviating the effects of heat load on cattle. Fine water droplets cling 
to the outer hair of the cattle’s coat and very rarely reach the skin. This may build up an insulation 
layer (air between skin and wet outer hair), which could act as an evaporative barrier (Mitlohner et 
al. 2001). If a misting system does not wet the animal’s coat to the skin, an insulating layer of air 
can be trapped between the skin and the layer of water. This effect can cause a harmful heat build-
up (Hahn 1985). Cooling studies involving misting systems have also reported respiratory and 
pneumonia problems when cows were exposed to mist particles for long periods of time in areas of 
low air movement (Bucklin et al. 1991). 
 
Results of a study conducted by Calegari et al. (2003) indicated that the ventilation and misting 
improves the dissipation of heat from dairy cows, and were due to the removal of heat by 
evaporation of the water on the skin of the animal.  
 
2.6.3  Combination of Air Movement and Water Application 
In many cases, cooling systems that coupled wetting animals with water evaporation off the 
animals’ skin were shown to be superior to those sought merely to lower the air temperature 
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(Bucklin et al. 1991; Lin et al. 1998). Seath and Miller (1948) exposed six cows to direct sunlight 
for two hours after which records were made of respiratory rate and rectal temperature. Following 
this the animals were either wet with a handheld sprinkler, exposed to a fan or both. The cows left 
dry without fan showed an average decrease in rectal temperature after 0.5 hour of 0.156 ºC 
compared to 0.345 ºC for fan alone, 0.461 ºC for sprinkling alone and 0.790 ºC for cows receiving 
both sprinkling and fan. At the end of 1 hour the decrease in rectal temperature averaged only 0.39 
ºC for the non-sprinkled and no-fan treatment and 1.023ºC for sprinkling plus fan (Seath & Miller 
1948). Armstrong (1994) also found that cows that were cooled with sprinklers in front of fans that 
sprayed continuously at approximately 18 L/h per fan had body temperatures that were 1.7 ºC lower 
than cows without sprinklers or fans. 
 
Muller et al. (1994) found that, during hot conditions, a period of 3 to 6 hours with the ambient 
temperature below 21°C is necessary to allow cows to dissipate accumulated heat. Water spray and 
fans are much better than soaking, probably because it makes better use of evaporative cooling. 
Soaking Holstein cows during the dry period was not effective in cooling cows; however, 
prepartum physiological responses were improved by use of a cooling system based on water spray 
and fans (Avendano-Reyes et al. 2006). 
 
Wetting the hair coat to the skin surface eliminates the presence of an insulating layer of still air that 
may separate the warm skin from the moist hair layer, and hence reducing the cooling effect. 
Blowing air over the wet hair layer and skin surface enhances the rate of evaporation, and 
consequently lowers the temperatures of the skin surface and deep body, thereby reducing heat 
stress (Gebremedhin & Wu 2001). It has been reported that cattle which are completely dry within 
10 - 15 minutes of water application did show an increase in respiratory rate (Gaughan 2002). 
 
A study was conducted by Frazzi et al. (2002) to evaluate the productive response of dairy cows to 
different barn cooling systems. The cooling systems consisted of: fans plus misting (FM), fans plus 
sprinklers (FS) and a special cooling evaporative system (CEV). The optimal (maintaining milk 
yield) climatic conditions during the hottest hours of the day were found in the FM pen, then the 
CEV pen and followed by the FM pen. However, in terms of effectively cooling the animals the 
direct evaporative methods FM and FS compared to the CEV which seemed merely to lower the air 
temperature. The results from the FM and FS pens were similar, but were in favour of the misters. If 
well placed, the misters can achieve the same results as the sprinklers but with a series of 
advantages such as lower water consumption and no wetting of the walls and floor of the barn 
(Frazzi et al., 2002). 
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The effects of different microclimates and spraying with water on body temperatures and 
respiratory rates for different behaviours (lying and standing) were studied by Hillman et al. (2003). 
They concluded that spraying dairy cows while they were lying reduced the rate of rise in body 
temperature and that standing to cool is triggered by body temperature, not skin temperature or 
respiratory rate. After standing the cow’s body temperature remained the same with fans and no 
spray. However when the animals stood under spray and fans, body temperatures fell at a rate of 0.7 
C/ h. 
 
A study conducted by Garner et al. (1989) found an increased production benefit of cooling beef 
cattle using a combined fan and sprinkling system in a hot humid environment. The sprinkler 
system used in the experiment was a pressurised distribution system supplying water to low 
pressure 180 deg PVC spray nozzles (flow rate of 0.3 L/s). The fans were mounted overhead at 10.4 
m intervals and rated to supply 5.33 m
3
/s of air flow at zero static pressure. This system was 
automatically controlled to follow a 30 minute routine, the fans operated for 27 minutes and water 
was applied for 3 minutes every 30 min when ambient temperature was 26.7 ºC. This cooling 
system resulted in a significant weight gain (0.98 kg/hd/day) in the cooled cattle compared to the 
uncooled cattle (0.80 kg/hd/day). Another study that used an automatic sprinkling system was 
conducted by Strickland et al. (1989), the cooling system consisted of fans delivering 5.3 m
3
/s. 
 
2.7 Summary 
In conclusion to this review heat load and high heat stress conditions need to be managed to 
maintain and improve animal welfare and production. In order to overcome the environmental 
effects, wetting methods can be applied in a confined housing situation. There is limited research in 
this area within the beef cattle industry and also when determining the effects of heat load and 
reduction measures in beef cattle of different genotypes. The following studies aimed to provide 
comparisons between different water application methods and determine the effects of heat load and 
the application methods on different cattle genotypes. 
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3.1 INTRODUCTION 
Heat stress is a major factor leading to death of cattle exported from Australia. Between 1995 and 
2002 over 5,915,000 cattle were exported from Australia by sea on 3,671 voyages. The death rate of 
cattle on these voyages was 0.23 % (13,605 head) (Norris 2003). The main causes of death were 
heat stroke (heat stress), trauma and respiratory disease (Norris 2003). During live export voyages 
in the Northern hemisphere summer TWB may reach or exceed 30 ºC  for several days with little or 
no diurnal relief  and humidity levels can reach up to 85 % for sustained periods (Maunsell 
Australia 2003). The law acknowledges this by prohibiting the export of Bos taurus cattle bred 
south of latitude 26 ºC to the Middle East during Northern summer months unless the heat stress 
risk can be shown to be manageable (Caulfield 2014). Sudden severe heat stress situations are 
difficult to predict and can occur at any time and therefore heat load alleviating strategies based on 
sound science are needed in the event of emergency heat stress situations. 
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On board livestock vessels, application of water to animals affected by heat stress is the primary 
method for alleviating the stress. However, there are no set guidelines in regards to water 
application to alleviate heat load on cattle transported by sea. Therefore determination of the 
duration and the timing of water application that will reduce heat stress of cattle on-board ships are 
needed.  
 
The use of water to reduce the heat load of cattle on ships has been largely discouraged by ship 
owners, as it is thought that water application may lead to an elevation in relative humidity 
(Gaughan et al. 2003b). The most likely water source available for use on ships is sea water, which 
in the tropical regions and along the Middle East coast may have a temperature of 30 °C. The 
effects of applying warm sea water onto heat stressed cattle are unknown. In addition there are 
concerns about the capacity of some ships to remove excess water from cattle pens (and from the 
ship in general). Therefore a simulated 15 day voyage from southern Australia to the Middle East 
was conducted in a climate control facility at The University of Queensland, Gatton. The objectives 
of this study were to: (i) obtain data on changes in the microclimate when water was applied to 
cattle in confined housing, (ii) assess the animal physiological response to hot climatic conditions 
and, and the impact of warm salt water application on these responses, and (iii) evaluate the degree 
to which warm salt water alleviates the heat load of cattle. 
 
3.2 MATERIALS AND METHODS 
The experiment undertaken in this Chapter was with the approval of the University of Queensland 
Animal Ethics Committee and complied with the Australian Code of Practice for the care and Use 
of Animals for Scientific Purposes. 
 
3.2.1 Experimental Design  
Bos taurus steers (Angus; n = 6) were used in a 15 day climate room study. The steers were 
randomly allocated to individual stalls within the room (Section 3.2.3) and exposed to 4 days of 
thermoneutral conditions (TNC) followed by 11 days of continuous high heat load (HOT) (Table 
3.1). 
 
Table 3.1: Days of experiment including 4 thermoneutral days (TNC) and 11 days of hot 
conditions (HOT). 
TNC HOT 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
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When at least one of the steers displayed signs of heat stress, salt water would be applied to all 
animals using a hand held hose (Section 3.2.7). Data collected included climatic data (Section 
3.2.5); dry-bulb temperature (TDB), wet-bulb temperature (TWB), relative humidity (RH)  
temperature humidity index (THI) and animal data (Section 3.2.6); rectal temperature (RT), 
respiratory rate  (RR), panting score (PS), dry matter intake (DMI) and animal position/ behaviour. 
 
Water Application 
Salt water was used in this study to replicate the most likely water source available on ships. Sea 
salt was added to and mixed in a milk vat containing fresh water until the solution met the required 
salt concentration of 34g salt/L (MAMIC 2002). The salt water was heated to approximately 30 - 31 
°C via a gas hot water system. The heated salt water was used to represent the maximum seawater 
temperatures that would be typical in the North West Indian Ocean, the Gulf of Oman and the 
Persian Gulf during July to September (Gaughan et al. 2003b). The heating and salt-water unit is 
described in Appendix 2. The salt water was applied to all cattle on the basis of at least one animal 
(the “trigger animal”) obtaining one of the following physiological thresholds: rectal temperature ≥ 
41.5 °C (see Appendix 3), respiration rate ≥ 120 bpm, animal behaviour (agitated appearance, head 
down), and other factors such as drooling and/or panting (panting score > 2.5; see Appendix 4). The 
trigger animal was treated first followed by the other animals. The water was applied along the 
backline of the animals until the coats were saturated (water running off) using a 25 mm diameter 
hose (no nozzle) attached to a pressure pump.  
 
3.2.2 Climate Room 
The study was conducted in the climate controlled facility located on the University of Queensland, 
Gatton Campus. The controlled climate room within the facility contained 6 raised stalls (80 mm 
above the floor; 3 m long × 1 m wide). A water bowl and a concrete feed bin were located at the 
front of each stall. The flooring of the front half of each stall consisted of 25 mm thick rubber 
matting and the back half of 60 mm wooden slats with a 20 mm gap between each slat. The stalls 
were arranged in a line, and were numbered from 1 to 6. Animals were restrained in the stalls by 
head halters attached to chains located towards the bottom of the concrete feed bin. The chain did 
not restrict the animal from seeing directly behind the stall, from lying down or affect 
manoeuvrability for self-grooming. The animals are also able to interact with their neighbour. Two 
video cameras (Panasonic WV-BP12 with 2.1mm WV-LA210C3 lenses) in water tight housings, 
one located above stall 2 and the second above stall 5 allowed real time observation of all cattle 
from a room external to the climate room. The climate room could either be heated to a dry bulb 
temperature of 42 ºC or cooled to 11 ºC. The room was heated using a thermostat controlled gas 
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fired space heater (Jetfire 33A, Spitwater Albury, Australia). The gas heater was mounted on an 
external wall, 2.2 m above the cattle height, and positioned so that it would not blow onto the cattle. 
 
3.2.3 Climate Data 
The climatic conditions to which the cattle were exposed over the 15 days of the study were the 
average of actual below deck conditions recorded on three livestock voyages from Western 
Australia to the Middle East, during the months of June and July. 
 
Dry bulb temperature was recorded at 10 min intervals using electronic temperature sensors (EH-
010A; accuracy of 0.1 °C) attached to a data logger (YSI 400, Mini-Mitter, Sunriver, OR, USA). 
Two sensors were used; one was located 500 mm in front of stall 2 and the second 500 mm in front 
of stall 5. The temperature sensors were at a height of approximately 1.7 m which corresponded 
with the head height of a standing steer in the raised individual stalls. TWB was measured via a wet-
bulb thermometer located between stall 3 and 4 and recorded every hour. Wet-bulb readings were 
checked against a psychrometer (four times each day). Also calculated hourly was THI and RH; the 
temperature humidity index (THI) was calculated based on the following equation (adapted from 
Thom (1959)).  
THI = (0.8 x TA) + (RH / 100) x (TA - 14.4) + 46.4 
Where TA is the ambient temperature in C and RH is relative humidity in % form e.g. 70 not 0.7. 
The THI was then categorised to indicate the potential impact the climatic conditions have on cattle. 
The categories include: alert (THI 75 -78), danger (THI 79 - 84) and emergency (THI ≥ 84).  
 
The RH was calculated (Raymond 2000) using TDB and TWB, and the equation is as follows:  
P = (AP*0.1) + EXP (-0.0108928) 
A = 0.00066*(1+ (0.00115*TWB)) 
eswb = EXP(((16.78*TWB)-116.9)/(TWB+237.3)) 
ed = eswb -(A*P)*(TDB-TWB) 
esdb = EXP((16.78*TDB - 116.9)/(TDB+237.3)) 
RH = 100*(ed/esdb) 
Where AP = Air pressure, TWB = wet-bulb temperature, TDB = dry-bulb temperature, RH = relative 
humidity, eswb = estimated wet-bulb, ed = constant, esdb = estimated dry-bulb, P = approximate air 
pressure and A = a conversion factor. 
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Thermoneutral Conditions (TNC) (Day 1 - 4) 
The cattle were exposed to thermoneutral conditions for the first four days. During TNC (days 1 - 4 
refer to Table 3.1) the TDB was programmed to be maintained between 19 and 22 ºC. RH was 
programmed to be maintained between 60 and 70 %. 
 
Hot Conditions (HOT) (Day 5 - 15) 
During the hot period (days 5 - 15 refer to Table 3.1) maximum TDB was programmed to increase 
from 23 °C on day 5 to a maximum of 35 ºC by day 13. The temperature was then maintained at 35 
o
C until day 15. Throughout the HOT period RH was to be maintained above 50 %. This was 
achieved by the use of two misters located at 1 m to the rear of stalls 3 and 4. The misters were 
positioned so that no water could spray onto the cattle. Two fans (700 mm diameter blades) were 
used to ensure adequate circulation and mixing of air. One fan was located 1 m behind stall1 and 
the second was located 0.8 m in front of stall 6. The fans were positioned thus to ensure that no air 
blew onto the steers. 
 
Pen air turnover (PAT) is the preferred measure of ventilation rate on live export ships operating out 
of Australia as this accounts for variations in deck stocking rates (MAMIC 2001). It is a legal 
requirement that live export ships operating out of Australia use PAT. The major source of fresh air 
into the climate room was via heater/ cooling units (3) which pulled air from outside, through the 
heater/ cooling units and into the climate room. The approximate pen air turnover was 131.6 m/h; 
this was at the low end of the recommended range (100 to 300 m/h) (LIVECORP 2006). The pen 
air turnover was checked at the start and at the end of each experimental period. 
 
3.2.4 Animal Management 
The cattle were housed in a group at The University of Queensland research feedlot for 40 days 
(June/July with mean maximum temperature of 22.8 °C and mean minimum temperature of 5 °C) 
prior to the commencement of the study. During this time the cattle were stepped up, over 21 days 
from a roughage diet to a grain based diet similar to what was used on long haul voyages from 
southern Australia to the Middle-East (Table 3.2). On induction into the feedlot the steers were 
weighed, individually ear tagged and treated for internal and external parasites with Cydectin® 
pour-on (Fort Dodge, Baulkham Hills, NSW, Australia). Hormonal growth promotants (HGP’S) 
were not used in this study. While in the feedlot the steers were halter trained to lead. This was a 
necessary procedure for data collection while the cattle were under test conditions. On day 41 the 
steers were weighed, body condition was assessed using a 1 - 5 scale (DPI & F, 2009) and taken to 
the climate room. At the start of the climate room study the body weight of the steers was 451.4 ± 
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26.7 kg, and the mean body condition score was 4. The steers were not heat adapted and all had 
winter coats. 
 
Diet and Feeding 
The diet used was grain based (Table 3.2) and was formulated to be similar to those fed on live 
export ships. The diet was fed as a loose mix. 
 
Table 3.2: Ingredient and chemical composition of the grain based diet. 
Ingredient % 
  Barley cracked 10 
  Sorghum cracked 50.0 
  Mung beans 3.56 
  Sunflower meal 5.0 
  Millrun 18.0 
  Molasses 2.0 
  Soybean hulls 6.0 
  Limestone fine 1.26 
  Salt 0.03 
  Potassium chloride 0.02 
  Bentonite (Granular) 4.0 
  Beef premix
1 
0.1 
  Rumensin 10 %
 
0.02 
Nutrient composition, DM Basis  
  ME, MJ/kg 
  ADF, % 
12.30 
9.23 
  NDF, % 21.72 
  UDP, % 4.12 
  CP, % 12.10 
  Ca, % 0.60 
  P, % 0.43 
  S, % 0.17 
  K, % 0.60 
  Mg, % 0.22 
  S, % 0.17 
Monensin mg/kg 19.99 
1
 Contained on a dry matter basis: 3000 IU/g vitamin A; 250 IU/g vitamin D; 2500 mg/kg vitamin E; 5000 mg/kg 
copper; 50 mg/kg selenium; 250 mg/kg molybdenum; 1000 mg/kg cobalt; 250 mg/kg iodine; 7500 mg/kg iron; 25000 
mg/kg zinc and 15000 mg/kg magnesium. 
 
Each animal was individually fed their daily ration in two equal parts at 0800 h and 1600 h. Feed 
allocation at the start of the climate room study was based on 2.5 % of live weight. However, once 
the study commenced the amount of feed offered to each animal was adjusted daily so that there 
was minimal feed residue. At no time were the cattle without feed. At each feeding time residual 
feed was removed, weighed and a 100g sample oven dried (FSE Scientific - MAB309, Newstead 
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Queensland) for 24 hours at 103 °C. The samples were then removed from the oven and reweighed 
to determine the percentage dry matter.  
 
Cattle had access to clean drinking water at all times and water temperature for each bowl was 
measured daily using a hand held thermometer (Mallinckrodt, Model: Zentemp 2000, Zencor, 
Australia).  
 
3.2.5 Animal Data 
Individual rectal temperatures (RT) were measured using 210 mm rectal probes with a thermistor 
sensor (accuracy of 0.1 °C) mounted in the tip (Appendix 3). Rectal probes were secured to steers 
by an elastic cord (4 mm in diameter) attached to a heart girth harness. Probes were connected to a 
data logger (Smart Reader; ARC Systems, Brisbane, Queensland, Australia), and RT was recorded 
for each steer at 1 min intervals during each test period. In addition, a digital readout from each 
steer was available in an outside room to allow continual monitoring of RT. Prior to the test period 
each probe was checked against a standard laboratory water bath. Rectal probes were inserted on 
day 3 at 1600 h and data was recorded from time of insertion. 
 
Respiratory rate (RR) was recorded hourly by counting 10 flank movements and recording the time 
(seconds) for this to occur. Respiratory rates were also recorded immediately prior to and following 
any water application. Following water application RR were obtained at 5 min intervals for 1 h.  
 
Animal position (standing or lying) and behaviour (eating, drinking or sleeping; lying with eyes 
closed) were recorded at hourly intervals. Other factors such as drooling, ruminating, head down or 
any signs of abnormal behaviour were also recorded. The observations were for most part 
undertaken via a video camera at the start of an hour (e.g. 0700 h, 0800 h) prior to entry into the 
climate room. The video monitor was located in the control room next to the climate room. The use 
of video observation reduced the effect of human presence on cattle behaviour. 
 
3.2.6  Definition of Day 
For this study a day was deemed to start at 0900 h and finish at 0859 h (the following morning). 
This was necessary in order to relate the cattle observations to feeding events. 
 
3.2.7  Statistical Analysis 
Statistical analysis was undertaken using SAS/ STAT software, Version 6.12 of the SAS system for 
Windows (SAS 1996). The GLM procedures were used with day, animal, RR, RT and climatic data 
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included as the independent variables. Treatment means were compared using least significant 
differences (P < 0.05). The rectal temperature and respiratory rate response to climate over the 11 
days of hot conditions was analysed using the mixed model procedure in SAS to compare the 
difference between days. The three factor analysis included animals, days and time with rectal 
temperature and respiratory rate as the dependent variables. 
 
Change in Climate and RT after an event - To demonstrate a change from 0 (the initial value at the 
start of an event), TDB, TWB, RH and THI were plotted in Minitab. The mean change in RT from 0 
to 15 min, 30 min and 60 min after the start of the event were derived. The mean values were 
plotted with a confidence interval of 95 %. 
 
3.3 RESULTS 
3.3.1  Animal Welfare 
No animals were removed or required veterinary treatment during the study. 
 
3.3.2  Climatic Conditions 
The mean daily dry-bulb temperature (TDB), relative humidity (RH) and wet-bulb temperature 
(TWB) are presented in Table 3.3. Hourly data for each parameter are presented in Figures 3.1 and 
3.2. The mean daily TDB for thermoneutral days was 20 ± 1.5 ºC, the TDB then increased each day 
over the hot conditions and on day 14 the mean TDB was 36.3 ± 0.2 ºC. Wet-bulb temperature 
followed a similar pattern to TDB, however TWB peaked on day 13 reaching 28.2 ºC. Relative 
humidity decreased over the 11 hot days as TDB increased (Table 3.3 and Figure 3.2). The THI 
increased over the hot period, remaining above the alert category (THI 75 -78) for days 5 (74 ± 0.5) 
and 6 (78.6 ± 0.4). The THI then increased to the danger category (THI 79 - 84) during days 7 (83 ± 
0.1) to 10 (84 ± 0.2) and from day 11 (85 ± 0.1) to the end of day 15 (86 ± 0.2) the THI remained in 
the emergency category (THI ≥ 84) (Figure 3.3).  
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Table 3.3: Mean daily dry-bulb temperature (TDB, 
o
C), wet-bulb temperature (TWB, 
o
C), 
relative humidity (RH, %) and temperature humidity index (THI) ± SE, over the 15 day 
experimental period. 
Day
1
 TDB (°C) TWB (°C) RH (%) THI
2
 
1 - 4 20.0 ± 1.5 19.0 ± 0.4 86.7 ± 1.5 67.2 ± 0.7 
5  23.9 ± 0.3 23.1 ± 0.3 91.9 ± 1.4 74.3 ± 0.5 
6 26.9 ± 0.2 25.0 ± 0.2 85.8 ± 0.6 78.6 ± 0.4 
7 29.9 ± 0.3 26.9 ± 0.3 80.1 ± 2.1 82.6 ± 0.4 
8 29.5 ± 0.1 27.4 ± 0.1 84.9 ± 0.7 82.9 ± 0.1 
9 31.1 ± 0.2 26.1 ± 0.2 67.0 ± 1.3 82.5 ± 0.2   
10 31.1 ± 0.2 27.5 ± 0.1 75.7 ± 1.0 83.9 ± 0.2 
11 32.9 ± 0.1 27.8 ± 0.1 67.8 ± 0.6 85.3 ± 0.1  
12 32.8 ± 0.1 27.7 ± 0.1 67.6 ± 0.8 85.0 ± 0.1  
13 35.4 ± 0.1 28.2 ± 0.1 57.9 ± 0.9 87.0 ± 0.2 
14 36.3 ± 0.2 27.9 ± 0.1 52.8 ± 0.4 87.0 ± 0.2 
15 35.1 ± 0.2 27.7 ± 0.2 57.1 ± 0.9 86.3 ± 0.2 
1
Days 1 - 4 are the thermoneutral and 5 - 15 are when heat was applied. 
2
THI = (0.8 × TA) + (RH / 100) × (TA - 14.4) + 
46.4 
 
Figure 3.1: Hourly means for dry-bulb temperature (TDB) and wet-bulb temperature (TWB). 
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Figure 3.2: Mean hourly relative humidity (RH (%)) over the 15 days of the experiment. 
 
 
 
 
Figure 3.3: Mean hourly temperature humidity index (THI) over the 15 days of the 
experiment. 
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3.3.3  Animal Responses to Climate 
Rectal Temperature (RT) 
Mean daily RT for each steer over the 15 day study are presented in Table 3.4. For all steers the 
mean daily RT were lower (P < 0.01) on days 1 to 4 than for days 5 to 15. The RT on day 5 was 
significantly higher (P < 0.05) than TNC however it was also lower for all steers than any other day 
of hot. Rectal temperature increased over the first 5 days of hot conditions and remained at a higher 
level but with less diurnal variation between days 11 and 15 (Figure 3.4). Steers 1, 4, 5 and 6 all had 
mean RT above 40.0 °C. Steer 5 had the highest RT over the 11 days of hot conditions with an 
average of 40.6 ºC. During day 14 the RT of steer 5 exceeded 42 °C between 1507 h to 0341 h. This 
steer also had the greatest percentage rise (4.3 %) in RT compared to levels during thermoneutral 
conditions (days 1 to 4). 
 
Individual RT varied over 24 hours, but tended to remain fairly stable (± 0.1 °C variation) for up to 
6 hours. Over the 11 days of hot conditions, small incremental rises in maximum daily RT were 
additive. There was no consistency in the rise, with some increases of 0.5 °C followed the next day 
with a 0.1 °C increase. Decreases in rectal temperature also occurred but at no time did they return 
to thermoneutral values (Table 3.5). 
 
Table 3.4: Mean daily rectal temperature (RT (°C)) ± SE for each individual steer over the 15 
day study. 
Day Steer 1 Steer 2 Steer 3 Steer 4 Steer 5 Steer 6 
1 - 4 39.24
a 
± 0.10 38.99
a 
± 0.10 38.62
a
 ± 0.10 39.05
a
 ± 0.10 39.88
a 
± 0.10 39.21
a
 ± 0.10 
5 39.55
b 
± 0.09 39.05
b 
± 0.05 39.02
b 
± 0.10 39.63
b 
± 0.07 40.10
b 
± 0.10 39.66
b 
± 0.10 
6 39.94
c 
± 0.01 39.18
c 
± 0.07 39.14
c 
± 0.09 40.04
c 
± 0.09 40.36
c 
± 0.06 40.10
c 
± 0.08 
7 40.10
d 
± 0.06 39.77
d 
± 0.10 39.61
d
 ± 0.07 40.53
d
 ± 0.05 40.34
c
 ± 0.04 40.38
d
 ± 0.08 
8 40.19
d
 ± 0.09 39.91
e
 ± 0.05 39.27
e
 ± 0.08 40.51
d
 ± 0.05 40.42
c
 ± 0.04 40.45
d
 ± 0.05 
9 39.99
c
 ± 0.05 39.89
e
 ± 0.05 39.40
f
 ± 0.10 40.63
d
 ± 0.05 40.49
c
 ± 0.05 40.27
e
 ± 0.03 
10 39.87
c
± 0.06 40.16
f
 ± 0.04 39.89
d
 ± 0.10 40.60
d
 ± 0.04 40.69
d
 ± 0.04 40.30
e
 ± 0.05 
11 40.08
d
 ± 0.04 40.26
g
 ± 0.04 40.20
g 
± 0.07 40.55
d
 ± 0.04 40.76
d
 ± 0.03 40.62
f
 ± 0.04 
12 40.14
d
 ± 0.06 40.19
fg
 ± 0.05 40.31
g
 ± 0.07 40.43
e
 ± 0.01 40.60
cd
 ± 0.06 40.55
f
 ± 0.06 
13 40.68
e
 ± 0.14 39.87
e
 ± 0.04 39.75
d
 ± 0.07 40.31
f
 ± 0.07 40.45
c
 ± 0.07 40.32
e
 ± 0.04 
14 40.52
e
 ± 0.12 39.98
e
 ± 0.04 39.73
d
 ± 0.08 40.44
e
 ± 0.03 40.78
d
 ± 0.07 40.63
f
 ± 0.05 
15 40.11
d
 ± 0.06 39.61
d
 ± 0.08 39.42
e
 ± 0.10 40.18
g
 ± 0.04 41.64
d
 ± 0.06 40.23
e
 ± 0.07 
a,b,c,d,e,f,g 
Means within a column with a different superscript are significantly different (P < 0.05) 
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Figure 3.4: Mean hourly rectal temperature (RT (ºC)) of the six steers for days 3 to 15 of the 
experimental period. 
 
 
Table 3.5: Mean rectal temperature (RT ± SE), mean daily maximum RT (Max RT) ± SD, 
minimum RT (Min RT) ± SD and time this occurred (Time h) for all steers over the hot 
period (days 5 to 15). 
Day
1
 Mean RT Max RT (Time h) Min RT (Time h)  
4 39.0 ± 0.1 39.3 ± 0.1 (1800) 38.7 ± 0.1 (1200)  
5 39.7 ± 0.1 40.1 ± 0.2 (2300) 39.1 ± 0.2 (1700)  
6 40.0 ± 0.1 40.3 ± 0.2 (0300) 39.6 ± 0.3 (1400)  
7 40.2 ± 0.1 40.6 ± 0.1 (0400) 39.8 ± 0.2 (1500)  
8 40.0 ± 0.1 40.6 ± 0.2 (2400) 39.8 ± 0.3 (0600)  
9 40.2 ± 0.1 40.4 ± 0.2 (0300) 39.8 ± 0.2 (1700)  
10 40.4 ± 0.1 40.7 ± 0.1 (0200) 40.1 ± 0.2 (1400)  
11 40.5 ± 0.1 40.7 ± 0.1 (2400) 40.3 ± 0.2 (2000)  
12 40.1 ± 0.1 40.8 ± 0.1 (0300) 40.0 ± 0.1 (1400)  
13 40.4 ± 0.1 40.4 ± 0.2 (2000) 39.9 ± 0.1 (0100)  
14 40.3 ± 0.1 40.6 ± 0.3 (0900) 39.9 ± 0.3 (1600)  
15 40.2 ± 0.1 40.4 ± 0.4 (0200) 39.9 ± 0.4 (1300)  
1
 Days 1 - 3 are not included as RT was not recorded on these days 
 
Respiratory Rate (RR) 
The mean daily respiratory rates for each steer are presented in Table 3.6. On day 7 (day 3 of hot 
conditions) all 6 animals had their highest recorded mean daily RR (steer 1 = 128 ± 4 bpm, steer 2 = 
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152 ± 6 bpm, steer 3 = 132 ± 3 bpm, steer 4 = 146 ± 4 bpm, steer 5 = 102 ± 3 bpm and steer 6 = 110 
± 3 bpm) for the entire experimental period (Table 3.6). On the first day of hot conditions steer 6 
had the lowest daily RR of 80 ± 3 bpm. 
 
Table 3.6: Mean daily respiratory rate (RR) (bpm) ± SE for each steer over the 11 days of hot 
conditions. 
Day
1
 Steer 1 Steer 2 Steer 3 Steer 4 Steer 5 Steer 6 
5 120.6 ± 4.2 94.3 ± 5.3 103.6 ± 3.0 115.3 ± 4.1 101.1 ± 3.8 79.8 ± 3.2 
6 126.4 ± 4.2 129.3 ± 3.2 112.6 ± 4.2 139.0 ± 2.8 106.3 ± 4.9 99.2 ± 2.6 
7 128.2 ± 3.9 151.7 ± 5.5 131.7 ± 3.3 145.8 ± 3.5 102.2 ± 3.3 109.9 ± 3.3 
8 122.3 ± 4.0 139.0 ± 7.1 124.5 ± 4.7 138.0 ± 4.3 101.4 ± 3.7 103.3 ± 2.9 
9 113.2 ± 3.5 128.2 ± 7.2 115.6 ± 3.5 127.8 ± 5.5 101.1 ± 3.4 96.0 ± 3.1 
10 117.4 ± 3.7 135.6 ± 5.4 120.5 ± 3.9 132.7 ± 3.7 104.6 ±3.7 101.1 ± 3.3 
11 111.2 ± 4.9 125.0 ± 6.9 118.5 ± 2.3 123.4 ± 5.8 102.1 ± 3.8 109.7 ± 2.1 
12 108.5 ± 2.7 120.6 ± 4.9 104.2 ± 6.3 107.1 ± 6.2 91.5 ± 4.9 100.7 ± 3.8 
13 96.9 ± 3.1 107.0 ± 6.6 101.5 ± 4.0 104.1 ± 4.0 94.1 ± 4.1 95.1 ± 3.3 
14 102.6 ± 3.5 124.7 ± 4.8 121.9 ± 2.5 112.0 ± 3.6 101.0 ± 4.1 98.7 ± 3.2 
15 99.7 ± 3.0 97.9 ± 3.9 97.9 ± 3.5 101.6 ± 3.0 93.7 ± 3.7 92.4 ± 3.8 
   1
 Days 1 - 4 are not included as RR was not recorded on these days 
 
Respiratory rates increased from day 5 (118 ± 3 bpm) to day 7 (124 ± 3); however, after this day 
mean daily RR became erratic and on days 12 to 15 RR was significantly (P < 0.05) lower than 
days 5 to 11 (Table 3.7). The mean maximum recorded RR was 150 ± 0 bpm at 0100 h on day 8 and 
the mean minimum recorded RR was 64 ± 5 bpm at 2400 h on day 13. 
 
An overlay of respiratory rate and rectal temperature are presented in Figure 3.5. Mean rectal 
temperatures increased over days 5 to 13; the respiratory rate started to decrease after day 8. The 
respiratory rate and rectal temperature followed a similar diurnal pattern over the 11 days of hot 
conditions (Figure 3.5). Panting scores were also collected but the data file was corrupted and no 
results are available. 
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Table 3.7: Mean respiratory rate (RR ± SE), mean daily maximum (Max RR) ± SD, minimum 
(Min RR) respiratory rates ± SD and time this occurred (Time h) for all steers over the hot 
period (days 5 to 15). 
Day
1
 Mean RR Max RR (Time h) Min RR (Time h)  
5 118 ± 2.6
 
140 ± 6.3 (2200) 91 ± 6.5 (1300)  
6 124 ± 2.6
 
148 ± 17.6 (1600) 100 ± 4.5 (1600)  
7 124 ± 2.6
 
142 ± 15.5 (0500) 106 ± 4.2 (0800)  
8 115 ± 2.6
 
150 ± 0 (0100) 100 ± 7.4 (0600)  
9 119 ± 2.6
 
135 ± 4.0 (0800) 85 ± 15.0 (1000)  
10 116 ± 2.6
 
145 ± 5.0 (0200) 94 ± 8.2 (0400)  
11 113 ± 2.6 130 ± 7.5 (2100) 100 ± 4.8 (0400)  
12 99 ± 2.6 124 ± 9.4 (1900) 85 ± 6.1 (0600)  
13 107 ± 2.6 123 ± 9.2 (2200) 64 ± 5.1 (2400)  
14 105 ± 2.6 130 ± 6.0 (0600) 92 ± 2.5 (2300)  
15 92 ± 4.0 107 ± 5.9 (0900) 73 ± 6.3 (1300)  
   1
 Days 1 - 4 are not included as RR was not recorded on these days 
 
 
 
Figure 3.5: Mean hourly respiratory rate (RR) and rectal temperature (RT) over the 15 day 
experimental period. 
 
Dry Matter Intake (DMI) 
During TNC the mean dry matter intake (DMI) was 9.9 ± 1.3 kg/ head/ day. Dry matter intake was 
lower on day 6 (7.0 ± 1.8 kg/h) compared to days 1 to 5 (9.4 ± 1.3 kg/h/day) and continued to fall 
over the remainder of the study (Table 3.8). By day 15 the mean reduction in DMI for all steers was 
45.1 ± 5.4 % of their intakes during TNC, which was approximately 1.2 % of live weight compared 
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to an average of 2.5 % at the start of the study. Although water intake was not measured it should be 
noted that over the duration of the study drinking water temperature (in water bowls) ranged from 
25 °C and 29 °C, with a mean of 28 ± 1.2 °C. There was no difference (P > 0.1) in mean drinking 
water temperature between the stalls. 
 
Table 3.8: Dry matter intake (DMI kg/d) and percent reduction in dry matter intake (RDMI) 
over the 15 day experimental period. 
Day Steer 1 Steer 2 Steer 3 Steer 4 Steer 5 Steer 6 
1 11.2 9.8 10.0 7.9 10.6 10.6 
2 11.2 10.0 9.9 8.0 10.5 10.5 
3 11.1 8.5 8.1 7.7 8.4 9.6 
4 11.1 8.9 9.1 6.6 7.5 9.7 
5  10.7 9.6 8.3 8.9 7.6 10.4 
6 9.3 7.3 6.9 5.3 4.7 8.5 
7 8.0 9.2 8.5 9.8 8.2 9.7 
8 8.2 7.6 7.3 7.1 7.5 8.2 
9 8.6 7.5 6.4 6.0 8.2 8.5 
10 6.9 6.5 6.1 5.2 6.2 7.1 
11 5.2 4.3 4.1 3.5 4.2 3.9 
12 5.5 5.9 5.5 5.6 5.5 5.8 
13 4.9 5.4 4.9 5.4 4.7 5.4 
14 5.7 3.5 4.7 3.6 5.1 5.7 
15 6.3 5.4 5.3 4.9 4.8 6.1 
RDMI 44.1 % 44.4 % 46.5 % 38.9 % 54.7 % 42.1 % 
 
 
Animal Position and Behaviour 
There were 144 observations recorded for each day of hot conditions. The cattle had a greater 
number of lying observations (81) on the first day of hot conditions compared to all other days 
(Table 3.9). Over all combined days of hot conditions cattle spent more time lying (48 %) than 
standing (36 %), eating (4 %), drinking (6 %) or sleeping (6 %) (Figure 3.6). 
 
The cattle started losing their winter coat on day 5, and this was noted only 12 h after the start of hot 
conditions. On day 13 steer 1 had lost a considerable amount of hair.   
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Table 3.9: Number of observations of cattle position (standing and lying) and behaviour, 
(eating, drinking and sleeping) for each day of hot conditions. 
Day of Experiment Standing Lying Eating Drinking Sleeping 
5 46 81 7 1 9 
6 50 72 6 10 6 
7 62 68 5 6 3 
8 46 72 7 13 6 
9 52 60 3 11 18 
10 42 69 5 15 13 
11 57 66 7 6 8 
12 57 58 2 11 16 
13 59 68 5 5 7 
14 51 68 6 15 4 
15 43 79 3 6 13 
Mean ± SD 51.4 ± 6.7 69.2 ± 6.9 5.1 ± 1.8 9.0 ± 4.5 9.4 ± 5.0 
 
 
 
Figure 3.6: Percentage of cattle position (standing and lying) and behaviour (eating, drinking 
and sleeping) over the hot conditions. 
 
3.3.4  Water Application 
The temperature of the water applied to the cattle ranged from 29.6 to 31.4 °C (mean 30.8º). Water 
was applied to cattle on 15 occasions over the 15 day study. As each “day” commenced at 0900 h, 
an application of water at 0600 h was toward the end of a “day”.  Water application details listed in 
Table 3.10 shows that there were 13 short duration water applications with an average hosing time 
of 15 seconds for each animal (90 seconds for all animals), and two longer duration water 
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applications with an average of 1 min 35 seconds for each animal (9 min 30 seconds for all 
animals). On day 13 at 1558 h, water was applied to all steers over a 9 min period. Approximately 
48 L of water was used per animal. On day 15 at 1620 h a second long duration application (9 min 
and 57 seconds) was undertaken and approximately 55 L of water was used per animal for this 
application. Each animal provided the trigger for water application at least once during the study. 
Animal variation in response to heat stress was clearly evident. Steer 5 was particularly susceptible 
to hot conditions. Water was applied to this animal on 10 occasions (4 of which were on the last 
day) (Table 3.10). 
 
Table 3.10: The number of water applications, day of application, the identification number 
of the trigger steer(s) showing signs of heat stress
1
,
 
time of application, duration of water 
application (spray Time, seconds/head (s/h)), mean rectal temperature (RT; 
o
C), respiratory 
rate (RR; breaths per min) at the time of water application. 
Water 
application 
Day Trigger for 
water 
application 
Trigger 
steer (ID) 
Time Spray 
Time 
(s/h) 
RT 
(ºC) 
RR 
(bpm) 
1 6 RR 5 2150 20 40.7 150 
1 6 RR 6 2150 20 40.7 120 
2 7 RR 2 1514 19 39.3 200 
2 7 RR 4 1514 19 40.9 200 
3 7 RR 2 2320 20 40.6 200 
3 7 RR 4 2320 20 40.9 150 
4 8 RR 1 2020 9 41.0 150 
4 8 RR 4 2020 9 40.9 150 
5 10 RR 5 2108 16 41.1 120 
6 11 RR 5 1838 10 41.1 139 
7 12 RT 3 2100 11 41.0 105 
7 12 RT 5 2100 11 41.1 97 
7 12 RT 6 2100 11 41.1 92 
8 13 RT 5 1558 90 41.1 104 
9 13 RT 1 2210 12 41.4 103 
10 14 RT 1 1800 19 41.4 100 
11 14 RT 5 0620 10 41.1 89 
11 14 RR/DS 2 0620 10 40.1 200 
12 15 RT/DS 5 1506 30 41.6 108 
13 15 RT 5 1620 100 41.6 109 
14 15 RT/DS 5 1925 10 42.0 76 
15 15 RT 5 0310 12 42.0 115 
1
 One of the following occurred: RT ≥ 41 oC; RR ≥ 120 bpm; animal appears distressed (DS). a: RT did not change; 
however, the threshold was not reached. 
 
3.3.5  Microclimate Responses to Water Application 
On average short duration water application (< 9 min) resulted in an increase in relative humidity of 
approximately 2.5 % (range 0 to 4 %), a mean reduction of dry-bulb temperature of approximately 
0.5 °C (range 0 to 0.8 °C), and a mean increase in wet-bulb temperature of 0.2 °C (range 0 to 0.5 
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°C). The first long duration water application (9 min) resulted in a dry-bulb temperature reduction 
of almost 5 °C (38.4 to 33.7 °C). A slightly lower reduction of 4.4 °C was seen following the 
second long duration water application (dry-bulb decreased from 39.3 to 34.9 °C). In both cases 
dry-bulb temperature remained lower for approximately 20 min before steadily climbing back to 
pre-water application levels within three hours. Relative humidity increased by approximately 3.0 
% and remained elevated for 30 to 40 min and wet-bulb temperature increased by approximately 0.3 
°C.  
 
When all events were combined for analysis, there was no significant change (P > 0.05) in TDB, RH 
or THI from the start of the event to 15 min, 30 min or 60min after the event occurred (Figures 3.7 
to 3.9). 
 
 
Figure 3.7: The cumulative change in TDB from 0 (start of a water application event) to 15 
min, 15 to 30 min and 30 to 60 min. The mean values were plotted with a confidence interval 
of 95 %. 
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Figure 3.8: The cumulative change in relative humidity (RH) from 0 (start of a water 
application event) to 15 min, 15 to 30 min and 30 to 60 min. The mean values were plotted 
with a confidence interval of 95 %. 
 
 
 
Figure 3.9: The cumulative change in temperature humidity index (THI) from 0 (start of a 
water application event) to 15 min, 15 to 30 min and 30 to 60 min. The mean values were 
plotted with a confidence interval of 95 %. 
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3.3.6  Animal Responses to Water Application 
Rectal Temperature (RT) 
The RT threshold (≥ 41.0 oC) was exceeded on 4 occasions (the same animal). On 2 of the 
occasions which were triggered by RT exceeding the threshold value, water application had no 
effect on RT i.e. RT did not fall during or following water application.  
 
There was variation in response time of rectal temperatures to water application. On one occasion 
rectal temperature fell 14 min after water application however, there were 10 occasions where RT 
fell 40 to 60 min after water application. Rectal temperatures remained below 40 ºC after short 
duration wetting for 6 to 8 hours.  
 
At 0620 h on day 10, water was applied to steer 5 (rectal temperature of 41.1°C and respiratory rate 
of 89 bpm) for 9.6 seconds. However, rectal temperature remained at 41.1 ºC after the application 
of water, and remained elevated until the end of the study, even though there were four more water 
applications including a long duration event on day 11 (1 min 40 seconds for each animal). Under 
conditions where TWB > 30°C, such as those encountered on days 12 to 15, the short duration water 
applications resulted in a reduction in rectal temperature; however, RT only remained below 41 ºC 
for 2 to 3 h.  
 
The results of the first long duration water events on rectal temperatures were similar to the short 
duration events. However, the second long duration wetting resulted in a significant (P < 0.05) 
reduction (1 °C) in the rectal temperature of all animals with exemption of steer 5. The lower rectal 
temperatures were maintained for approximately 5 h following water application. 
 
On average across all events there was not a significant change in RT 30 min after a water 
application event however, there was a significant (P < 0.05) decrease in average change in RT 
from 30 to 60 min after an event (Figure 3.10). 
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Figure 3.10: Cumulative change in rectal temperature (RT) from 0 (average RT of all 6 
animals at the start of an event) to 15 min, 30 min and 60 min after an event. 
 
Respiratory Rate (RR) 
There were 7 animal applications of water (same animal may have provided the trigger more than 
once) as a result of RR exceeding the threshold (≥ 120 bpm). The effect of water application on RR 
was observed to be immediate. Following the first water application at 2150 h on day 6, mean RR 
of all steers dropped from an average of 148 ± 43.1 bpm to 145 ± 12.3 bpm over the first hour 
following water application, and then continued to fall over the next hour to 126 ± 19.7 bpm. 
Generally RR fell within 20 min of water application. However, in some cases there was no change 
for almost one hour.  
 
At 1514 h on day 7 steers 2 and 4 had RR of 200 bpm. Water was applied to all of the cattle for 20 
seconds per animal.  On this occasion water was applied to the cattle for an average of 18.7 seconds 
per animal and by the next hour RR had dropped to 150 bpm for steers’ 2 and 4. The second water 
application in response to high RR occurred on day 3 of hot conditions. The RR of steer 2 reached 
200 bpm. It took two hours for this steers’ RR to subside to 150 bpm following water application 
which was still well above the threshold. 
 
There was an immediate response in respiratory rates (reductions of 20 bpm P < 0.1, to 50 bpm P < 
0.05) to the long duration water application, although the effect was short term (i.e. less than 30 
min). Within 1 h of water application respiratory rates returned to or remained just below the pre-
water application level, especially under extreme conditions. 
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Animal Behaviour 
Excessive licking of the coat was noted on days 13, 14 and 15 particularly after a water application 
event. When water was applied to cattle that were lying down they would generally stand. In some 
cases cattle would eat and drink immediately after water application. However, this may simply be 
due to the fact that they stood and not as a result of water application. 
 
3.4 DISCUSSION 
In this study, the magnitude of the increase in respiratory rate and rectal temperature, when cattle 
are exposed to hot conditions, varied between animals. Water application had a positive but short 
term effect on respiratory rate and rectal temperature and did not have a negative impact on the 
microclimate of the animals. 
 
3.4.1 Animal Responses 
Rectal Temperature  
The increase in rectal temperatures during hot conditions is an indicator that the animals were 
failing to cope with the conditions. Given that metabolic load from feed intake was reduced it is 
likely that the increase in RT was due to an inability to dissipate adequate heat to the environment, a 
result of heat production due to increased RR or a combination of both. 
 
A clear diurnal pattern was seen for rectal temperature over the first 9 days of exposure to hot 
conditions (Figure 3.5). However, following prolonged exposure to continuous heat load conditions 
and lack of night-time relief the diurnal pattern was not evident. Rectal temperature became erratic 
and this may be an indicator of failure to cope. The diurnal patterns in rectal temperature described 
by Hahn et al. (1997) and Gaughan (2002) were usually associated with significant diurnal changes 
in climatic conditions. If the duration and magnitude of the heat event is such that the cattle are 
failing to cope, the diurnal rhythm may not be seen (Gaughan 2003). Cattle will gain heat load 
during the hotter part of the day and then dissipate this heat during the cooler night period to enable 
the body temperature to fall (Finch 1986). Even though the hot conditions were applied for the 
entire 24 hour period in this study the data suggest that cattle will use this mechanism even where 
diurnal variations in climatic conditions are small or non-existent but will reach a point where the 
mechanism fails largely because the ambient conditions do not abate sufficiently to allow 
dissipation of body heat. If this study was allowed to proceed after day 15 there could have been 
catastrophic failure of the heat dissipation mechanisms.   
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Respiratory Rate 
As expected, the mean daily respiratory rates in the climate facility were lower under thermoneutral 
conditions (days 1 to 4) than during exposure to hot conditions (days 5 to 15). Previous studies have 
shown an increase in RR of non-acclimatised cattle as TDB rises above 21 °C (Kriss 1921; Gaalaas 
1945; Hahn et al. 1997; Gaughan 2002). From day 8 till the end of the study the mean respiratory 
rates did not reach the levels experienced on day 7. This may be interpreted as cattle coping with 
the conditions but when other factors were assessed, e.g. feed intake and animal behaviour, it was 
evident that the cattle were not acclimatising to the conditions. The reduction in respiratory rates 
after day 7 was probably a function of reduced feed intake and therefore lowered metabolic heat 
production. This in itself is not an indication of acclimatisation and is in accord with the findings of 
Roman-Ponce et al. (1977) and Mallonee et al. (1985). The NRC (1981) also stated that the 
immediate response of animals to heat stress is reduced feed intake, in an attempt to lower 
metabolic heat production. During severe heat stress the animals exhibit a two phase respiratory 
response as body temperature increases towards 42 °C. The first a phase is rapid shallow panting 
followed by a second-phase of slow deeper panting (Hales 1976). 
 
The reduction in respiratory rate in the current study may indicate that the animals had shifted to 
slow deep breathing. Hales (1976) reported that in this phase of panting there is a breakdown in the 
balance between thermoregulatory and respiratory demands in the respiratory system; with the 
change from rapid shallow to slower deeper panting when body temperature exceeds about 40.5 °C 
during severe heat stress, there is a strong drive to increase respiratory ventilation, and therefore 
tidal volume, despite worsening alkalosis.  
 
It is clear from the current study that reliance on respiratory rates alone is not sufficient to assess the 
heat load status of cattle exposed to chronic heat stress. These findings disagree with Gaughan et al. 
(2000) and Brown-Brandl et al. (2005) who reported that respiratory rate was the best physiological 
indicator of stress in a production setting, when rectal temperatures could not be measured. 
However, in those studies the cattle were not exposed to prolonged heat stress and had adequate 
night-time cooling. Ideally heat load assessment of cattle exposed to prolonged heat stress must use 
more than respiratory rate.  
 
In this study respiration rate increased and then decreased as exposure to hot conditions continued; 
however, it could not be argued that the cattle were more comfortable on day 15 than on day 5. A 
decreased respiratory rate may be an indicator that the animal is failing to cope due to a shift from 
rapid shallow breathing to deep phase breathing. 
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Dry Matter Intake  
Water application did not prevent a reduction in feed intake as its (water application) effects were 
only short term. However, water application did induce a short bout of eating in most steers. The 
mean weight loss of the cattle over the 15 day study was approximately 17 kg per animal. The 
weight loss was probably due to a combination of decreased feed intake, and increased energy 
expenditure and a loss of body water. Water intake was not recorded therefore it is not possible to 
deduce the effects of dehydration.   
 
Behaviour  
Armsby and Fries (1913) and Shultz (1984) agree that there is a marked increase in metabolic 
activity when cattle are standing, and that standing animals have a marked increase in evaporation 
from their body surfaces and also benefit from convection due to air movement. Hillman et al. 
(2005) found that cows stand in an attempt to increase heat loss. In contrast, in the present study the 
cattle spent 70 % of their time lying. In this study it is possible that the cattle spent more time lying 
because (i) the floor was wet (urine, faeces and spilt water) and therefore provided some relief 
through conduction, (ii) it was an attempt to escape from the heat because hot air rises, it was 
slightly (0.5 °C) cooler at pen floor level over the first two days of hot conditions. However, as their 
exposure to hot conditions continued there was a behavioural change. On days 12 - 15 standing 
cattle generally had their head over or resting on the water trough but were not drinking. Standing 
on these days was also accompanied by other behaviours such as a spread stance, head down, and 
some restlessness this may also be an indicator that the cattle were showing similar behavioural 
signs as that of a panting score of 4.5. 
 
3.4.2 Water Application 
Climate Response to Water Application 
Application of water to cattle had no significant effect on microclimate up to an hour after an event. 
Frazzi et al. (1997) commented that water application on confined cattle may lead to an increase in 
relative humidity which would reduce the animal’s ability to dissipate heat. In the current study the 
short duration water application increased relative humidity by approximately 2.5 % for 60 to 180 
min, and the long duration water application by only 3 % with RH remaining elevated for 30 to 40 
min and it is unlikely that these small changes would have a detrimental effect on the cattle.  
 
Animal Response to water application 
The use of water to alleviate high heat load on cattle is not a new idea and one of the first published 
studies that demonstrated the benefits of cooling cattle was conducted by Seath and miller (1948). 
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Seath and Miller (1948) concluded that sprinkling the cattle produced a significant drop in 
respiratory rate up to half an hour post cooling, and a significant drop in body temperature after one 
hour. This trend in animal response was also seen in this study, with the greatest decrease in RR 
occurring within the first half an hour after a wetting event and on average there was a significant 
decrease in RT between 30 and 60 min after wetting. These findings demonstrate that RT responds 
at a slower rate than RR to water applications. However, Seath and Miller (1948) did not report that 
the RR increased again within an hour after water application to the pre cooling rates as was 
observed in this study. The constant high RR with only short term decreases in RR after a cooling 
event may reflect the continuous high heat load conditions which have not been previously studied. 
 
3.5 CONCLUSION 
Water application had a positive but short term effect on respiratory rate and rectal temperature of 
cattle exposed to prolonged heat stress. There was a significant decrease in RT within 1 h after 
water application. Perhaps the method of water application is important and the next study outlined 
in Chapter 4 investigates the effect of sprinklers and misters in alleviating heat load in cattle 
grouped in confined housing.  
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4.1 INTRODUCTION 
The application of water to heat stressed cattle may serve as a relief measure (Brouk et al. 2001, 
Hillman et al., 2001 and Frazzi et al., 2002), and may improve overall performance. In the previous 
study (Chapter 3) 6 animals were housed in individual pens for 15 days and were cooled using 
water applied by a hand held hose. The study demonstrated that water application reduced the 
effects of high heat load of cattle subjected to climatic conditions typical of livestock ships entering 
the Middle East. However, application of water by hand held hose is time consuming, and 
expensive in terms of water use. In addition cattle are normally housed in groups on ships and the 
impact of water application to individuals may not be the same when cattle are group housed. In 
situations where cattle are housed in groups it may be more efficient to apply water with a sprinkler 
or misting system. Gaughan et al. (2004) conducted a trial using an automatically controlled 
sprinkler system, where sprinklers were on for 5 min in every 20 min and this resulted in an 
immediate decrease in RR over the first hour post cooling. 
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Another factor that needs to be considered when replicating a ship pen environment is the bedding. 
Sawdust is currently used for bedding material on long haul voyages, and needs to be regularly 
changed to prevent the build-up of ammonia (LIVECORP 2008). Ammonia is a colourless, highly 
irritant gas and is the product of microbial deamination. Ammonia can accumulate in high density 
cattle accommodation during live export shipments and potentially threatens the health and welfare 
of the animals (Phillips et al. 2010), and livestock handlers. Published values for housed cattle 
range from less than 2 ppm to 29 ppm (Groot Koerkamp et al. 1998). The published allowable 
atmospheric ammonia concentration varies from 10 to 50 ppm with 25 being a common threshold 
value (Groot Koerkamp et al. 1998; MAMIC 2000). Values in excess of 25 ppm have been reported 
on live export vessels (MAMIC 2001).  
 
The aim of this study were to investigate the effectiveness of different water application methods to 
reduce the heat load of group housed Bos taurus cattle subjected to the environmental conditions 
experienced on long haul sea voyages. The results of this study were to inform of the design of the 
study described in Chapter 5.  
 
4.2  MATERIALS AND METHODS 
The experiment undertaken in this Chapter was with the approval of The University of Queensland 
Animal Ethics Committee and complied with the Australian Code of Practice for the Care and Use 
of Animals for Scientific Purposes. 
 
4.2.1 Experimental Design 
Eighteen yearling Bos taurus steers (Angus) were used in the study conducted at The University of 
Queensland, Gatton Campus. The steers were randomly allocated into two groups of nine steers and 
were used to test four water application methods (Table 4.1). Group 1 (n = 9) was exposed to 
treatments 1 (hosing) and 3 (leg sprinklers) and group 2 (n = 9) were exposed to treatments 2 
(overhead sprinklers) and 4 (misting). The groups were tested sequentially. 
 
Table 4.1: The groups of cattle (Group 1: n = 9 and Group 2: n = 9) assigned (X) to the four 
water application treatments: hosing, overhead sprinklers (OH Sprinklers), leg sprinklers and 
misting. 
 Hosing OH Sprinklers Leg Sprinklers Misting 
Group 1 X  X  
Group 2  X  X 
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While in the climate room the animals were exposed to two days of thermoneutral conditions 
(TNC), followed by four days of hot conditions (HOT) during which there were no respite from 
high heat load. During TNC the dry-bulb temperature (TDB) was maintained below 24 °C (range 15 
- 23.7 
o
C), wet-bulb (TWB) below 22 °C (range 18 - 21.9 
o
C), and relative humidity was maintained 
≥ 50 %.  
 
The following parameters were set for the four days of HOT:  
Day 1: TDB = 28 
o
C (min) to 30 
o
C (max), RH = > 70 %, TWB = 26 
o
C (min) to 28 
o
C (max).  
Day 2: TDB = 30 
o
C (min) to 32 
o
C (max), RH = > 70 %, TWB = 27 
o
C (min) to 29 
o
C (max).  
Days 3 - 4: TDB = 33 
o
C (min) to 37 
o
C (max), RH = > 70 %, TWB = 32 
o
C (min) to 34 
o
C (max). 
 
Water Application 
The water used for all treatments was heated to 30 
o
C and contained 3 % NaCl. This was 
undertaken to simulate the conditions typically encountered in the northern Indian Ocean and 
Persian Gulf. The salt water system was described in Chapter 3 (Section 3.2.1) and Appendix 2.  
 
The water application was based upon animal response to high heat load conditions. The amount of 
water supplied was determined by animal response to the water application and therefore there was 
no set duration of water application. The treatments were as follows: 
1) Hosing - a 25 mm diameter high volume (29 L/min), hose was used to apply water 
to the cattle. Water was applied until cattle were saturated i.e. water was running off the animals.  
2) Overhead sprinklers - this method used low-pressure (180
o
 spray), high-volume 
(2.84 L/min)
 
nozzle sprinklers that generated large water droplets (150 µm). This ensured that the 
cattle would be wetted through the hair layer to the skin. The sprinklers (n=2) were located 2 m 
above the pen. The spray from these two sprinklers was sufficient to cover the entire pen but were 
arranged not to spray onto the feed trough or water trough (Figure 4.1).  
3) Leg sprinklers - a sprinkler line was installed in the lower pen rails to spray water 
towards the legs and feet of the cattle. Four sprinklers were used, two on each side of the pen. These 
sprinklers were identical to the overhead sprinklers and were placed outside of the pen 
(approximately 100 mm) at a height of approximately 300 mm from the floor (Figure 4.1).  
4) Misters - 8 high pressure misters were used to inject water vapour into the 
atmosphere above the pen. Four misters were located 1 m from each end of the pen with a water 
output of 0.42 L/min (Figure 4.1). 
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The mean output from the water pump that supplied all treatments was 32.5 ± 1.2 L per min over 
the duration of the study. Water usage was recorded using a flow-meter which was placed in the 
waterline between the pump and the outlets for each system. Water use was kept to the minimum 
that ensured cattle welfare was maintained. Adequate water coverage of an animal was defined as 
water running off the back and sides of the animal. The frequency of water application was based 
on the respiratory dynamics of the cattle (i.e. a combination of respiratory rate and panting). Within 
each method, water application commenced when either one or a combination of the following 
occurred; rectal temperature was greater than 41 ºC (see Appendix 3), respiratory rate of any animal 
was ≥ 120 bpm, or open mouth panting (PS ≥ 2.5) (see Appendix 4) was observed. The sprinkler 
and misting systems were automatically controlled (Rotem Model RCC-2, Rotem Agricultural 
Computers Ltd., Israel). For the over head sprinkler, leg sprinkler and misting treatment the time set 
for the automatic system was dependant on the heat load status of the animals PS, and included time 
sets of 2 min on 35 min off, up to 5 min on and 55 min off (see Tables 4.9, 4.10 and 4.11). 
 
4.2.2 Climate Room 
The study was conducted in the same fully enclosed climate controlled room as the previous study 
(Chapter 3, Section 3.2.2), however, rather than using individual stalls the animals were housed as a 
group of 9 in a 6 m long × 2.14 m wide pen designed to replicate a ship board pen (Figure 4.1). This 
gave a stocking rate of 1.427 m
2
/head, which is consistent with the Australian Standards for the 
Export of Livestock (1981), and is the recommended area for cattle weighing 550 kg that are being 
exported from south of the 22 parallel between 1st May and the 31st October.  
 
The floor of the pen was concrete, and sawdust (Pine wood shavings; HYSORB) bedding (200 - 
300 mm depth) was provided. Commercially available metal portable yard panels (2 m in height) 
were used to construct each pen. A 400 mm high sheet of ply wood was attached to the bottom of 
the panels to prevent sawdust from being kicked out of the pen. 
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Figure 4.1: Pen layout showing water and feed troughs and location of misters , over head 
sprinklers , leg sprinklers , and fans . 
 
Two metal feed troughs and two metal water troughs were attached to either ends of the pen. A 
solid wall was located 100 mm from the western edge of the pen. Ducted air was used to blow air 
directly onto the cattle (air movement inside the pen, 1 m from the fan and duct outlet was 2.2 m/s), 
to assist in air ventilation, water particle distribution (from sprinklers and misters) and air 
circulation. The ducted air was sourced from within the room. Large fans (1.2 m diameter) were 
used to blow air through the ducts. 
 
4.2.3 Climate Data 
The following climatic data was recorded: dry bulb temperature (TDB; °C), wet bulb temperature 
(TWB; °C), air pressure (kPa), ammonia concentration (ppm) and relative humidity (RH %) was 
calculated using the equation described in Chapter 3 (Section 3.2.8).  
 
The TDB and TWB values were collected at 1 min intervals using type T thermocouples (accuracy of 
0.01 °C) positioned 300 mm outside of the pen (1.0 m above the floor). To obtain wet-bulb 
temperature a thermocouple was placed in a cloth wick which extended into a 200 ml water 
reservoir. Distilled water was used in the reservoir. The cloth wick was changed at the start of each 
treatment. The thermocouples were calibrated using a wet and dry-bulb mercury thermometer at the 
start of each replication and then checked daily at 0730 h. The thermocouples were attached to a 
data logger (accuracy of 0.05) (Model DT50, Data Electronics Australia P/L, Rowville Victoria) 
 
   
2.14 m 
6 m 
H2O 
H2O 
Feed Trough 
Feed Trough 
North 
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which converted the voltage input to a temperature reading. Air pressure was measured using a 
pressure transducer (PDS-Baro Pressure Transducer, Pacific Data Systems, Brisbane) the transducer 
was located in the control room adjoining the climate controlled room. The THI was determined 
using the calculation described in the previous chapter (Chapter 3, Section 3.2.3). 
 
Ammonia concentration (ppm) was measured for 1 min each hour at the cattle pen (1.5 m above the 
floor and 3 m from the northern end of the pen) using a hand held ammonia gas analyser (VRAE 
Multi Gas Monitor, Model PGM-7800; RAE Systems Inc., Sunnyvale, CA USA). The gas analyser 
was factory calibrated prior to the commencement of the study and had an accuracy of ± 4 mg/m3 
and resolution 0.75mg/m3.  
 
Air speed (m/s) was measured twice daily at cattle height within the pen at the same location as for 
the ammonia measurement using an anemometer (TA 2; Airflow). In addition air speed was 
measured in the cattle pen at 8 random locations within the pen on 4 occasions for each treatment. 
Pen air turnover was calculated using the volume of air entering the facility. 
 
4.2.4  Animal Management 
The two groups of nine animals were randomly allocated to a pen within the feedlot (day 0 - 
induction). The cattle where initially held at the UQ Gatton research feedlot for either 42 days 
(group 1) or  54 d (group 2) prior to the commencement of the climate room study. On induction 
into the feedlot and again on day 24 the steers were treated for internal and external parasites with 
Cydectin® pour-on for cattle (Fort Dodge, Baulkham Hills, NSW Australia). All steers had 
previously been vaccinated to protect against clostridial diseases (Cl. perfringens type D, Cl. tetani, 
Cl. novyi type B, Cl. septicum, Cl. chauvoei) and leptospirosis (Leptospira interrogans serovar 
Pomona, L. borgpetersenii serovar hardjo type Hardjobovis) with Ultravac 7 in 1 (Pfizer, West 
Ryde, NSW Australia). No hormonal growth promotants were used. The steers were also 
individually identified with ear tags. Over the first 21 days in the feedlot the cattle were stepped up 
from a 100 % roughage diet to a grain based pelletised diet (Table 4.2) similar to that fed on long 
haul voyages. The cattle were moved through the cattle yards and crush on a regular basis to 
familiarise them with close human contact and accustom them to handling. Each group was 
weighed prior to entry into the climate room (mean live weight 550 ± 25 kg).  
 
Diet and Feeding 
A commercial 8 mm “export” pellet was used (Better Blend Stockfeeds, Oakey, Qld.) throughout 
the study (Table 4.2). The animals were group fed their daily ration in two equal parts at 0800 h and 
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1600 h. Feed allocation at the start of the climate room study was initially based on 2.5 % of each 
animals live weight. However, once the study commenced the amount of feed offered to the pen of 
animals was adjusted each day so that there was minimal feed residue. At no time were the cattle 
without feed. At each feeding time residual feed was removed, weighed and a 100 g sample was 
oven dried (FSE Scientific - MAB309, Newstead Queensland) for a minimum of 24 hours at 103 
°C. The samples were then removed from the oven and reweighed to determine the percentage dry 
matter. The cattle had access to clean drinking water at all times and water intake was measured 
using an in line water meter (GSD5 Single-Jet 13 mm Cold Water Meter, BMeters, Italy). The 
minimum flow of the water meter was 50 L/ h and with an error of less than 0.75 % in the normal 
operating range.  
 
Table 4.2: Ingredients and nutrient content of the experimental diet. 
Ingredient % 
Sorghum 20.0 
Copra Meal 9.0 
Millrun 40.2 
Chick Pea Offal
1 
20.0 
Molasses Cane 3.0 
Limestone Fine 2.7 
Kynofos/Biofos MDCP
 
0.3 
Salt 0.5 
Bentonite Fine 4.0 
RAP Premix
 
0.2 
Rumensin 0.03 
Nutrient composition, DM Basis  
ME, MJ/kg 10.60 
ADF, % 18.03 
NDF, % 35.39 
UDP, % 3.73 
CP, % 12.01 
Ca, % 1.19 
P, % 0.61 
S, % 0.18 
CL, % 0.42 
Mg, % 0.32 
S, % 0.18 
Niacin, mg/kg 63.01 
Monensin, mg/kg 19.99 
 
4.2.5 Animal Data 
The cattle were weighed at the start and finish of each experimental period. Observation and 
recording of panting scores (Table 4.3), location in pen and behaviour (standing, lying, eating and 
drinking) of the cattle was undertaken each hour over 24 hours of each day of HOT. During TNC 
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the observations were made hourly between 0600 hour and 1800 hour. The panting scores were 
determined with reference to a photo guide previously developed for the feedlot industry (Appendix 
4). Any agnostic behaviour (e.g. head-butting or pushing) was also recorded. 
 
Table 4.3: Panting scores (PS) for observed breathing condition.  
Breathing Condition Score 
No panting, normal 0 
Slight panting, mouth closed, no drool or foam. 1 
Fast panting, drool or foam present. 2 
As for 2 but with occasional open mouth. 2.5 
Open mouth + some drooling. Neck extended and head 
usually up. 
3 
As for 3 but with tongue out slightly. 3.5 
Open mouth tongue out + drooling. Neck extended and 
head up. 
4 
As for 4 but head held down 4.5 
Modified from (Mader et al., 2006) 
 
4.2.6  Definition of Day 
For this study a day was deemed to start at 0800 h and finished at 0759 h (the following morning). 
This was necessary in order to relate cattle observations to feeding events. It should be noted that 
the time of day is somewhat irrelevant in this discussion; the important factors are the climatic 
variables, not time per se. 
 
4.2.7  Statistical Analysis 
The data generated in this study were observational data and because of the lack of replication of 
treatments it was not possible to undertake statistical comparisons between treatments. 
 
4.3  RESULTS 
4.3.1  Animal Welfare 
No animals were removed from the study or required veterinary treatment. However, due to the 
failure of the leg wetting option to adequately cool the cattle (most animals with PS > 3), this part 
of the study was terminated on day 5 at 0115 h. All of the data presented for the leg wetting option 
is therefore based on 3 days of hot conditions. The hot conditions of the misting treatment were also 
shut down 9 h before the end of the treatment period (day 6 at 2300 h); this was due to one animal 
having a continuous PS of > 3. Data for the other two treatments (hosing and overhead sprinkler) 
are based on the total 4 days of hot conditions.  
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4.3.2  Climatic Conditions 
At the feedlot the cattle were exposed to a mean TDB of 24.6  4.2 
º
C. During the thermoneutral 
periods in the climate facility the mean TDB was 23.8  2.6 
o
C, and the mean TWB was 20.2  1.4 
º
C. 
The mean values for TDB, TWB, RH, NH3 and THI over the four hot condition days for each 
treatment are presented in Table 4.4. The climatic conditions to which the cattle were exposed were 
sufficient to induce heat stress as indicated by increased respiratory rates and decreased feed intake. 
 
Table 4.4: Mean dry-bulb temperature (TDB, 
o
C), wet-bulb temperature (TWB, 
o
C), relative 
humidity (RH, %), atmospheric ammonia concentration (NH3, ppm) and THI, over the four 
hot condition days, for each of the imposed water applications (hosing, overhead sprinkler, leg 
sprinkler and misting). 
Treatment TDB TWB RH NH3 THI
1
 
Hosing 31.4 ± 1.7 31.1 ± 0.1 91.6 ± 5.9 20.8 ± 5.6 85.7 ± 5.6 
Overhead 33.7 ± 2.4 32.2 ± 1.9 90.6 ± 7.4 7.3 ± 7.0 89.7 ± 4.3 
Leg 31.0 ± 1.7 30.2 ± 2.2 94.4 ± 6.1 5.3 ± 5.9 84.5
 
± 4.3 
Misting 32.3 ± 2.3 31.2 ± 2.4 91.4 ± 5.9 1.9 ± 2.9 88.1 ± 4.4 
1
 THI = (0.8 × TA) + (RH / 100) × (TA - 14.4) + 46.4; where TA is dry-bulb temperature 
 
Ammonia Concentration 
Across all treatments NH3 concentration increased from 0 ppm on day 1 to approximately 20 ppm 
on day 2. Although the change was not linear, or constant, the level of NH3 continued to increase 
over time, unless the soiled and wet bedding was removed. Ammonia levels also increased with 
cattle activity for example around feeding time, and then decreased slightly when activity 
decreased. The highest concentrations (mean = 20.8 ± 5.6 ppm) were measured during the hosing 
treatment, and the lowest (mean = 1.9 ± 2.9 ppm) were obtained during misting (Figure 4.2). During 
the hose treatment NH3 levels increased to 25 ppm (within 2 h of the first application of water; day 
4 at 0900 h) and by day 6 it was decided to remove the bedding from the pen as ammonia levels 
reached 32 ppm. Some animals commenced coughing when NH3 exceeded 20 ppm. Ammonia 
levels above approximately 6 ppm were noticeable (i.e. could be detected by smell). Levels above 
20 ppm were uncomfortable i.e. made breathing somewhat difficult and caused throat irritation for 
people working on the project. 
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Figure 4.2: Hourly atmospheric ammonia concentration (ppm) for the four treatments 
(hosing, overhead sprinklers, leg sprinklers and misting. 
 
Pen Air Turnover 
The approximate pen air turnover over all treatments was 166 m/h (ranged from 162 - 174 m/h). 
The direct air movement over the animal varied from 2.2 m/s to 0 m/s depending on animal location 
in the pen. When an animal was lying, direct air movement over the animal was 0.0 m/s. 
 
4.3.3 Animal Responses to Climate 
Respiratory Rate and Panting Score 
Under thermoneutral conditions the mean respiratory rate across the four treatments was 42 ± 10 
bpm. Within one hour of increased ambient temperature, respiratory rate increased (mean 60 ± 10 
bpm). Within each of the application treatments, the cattle were able to cope over the first two days 
of exposure to the hot conditions; however, respiratory rates increased on days 5 and 6 irrespective 
of treatment. Respiratory rates of up to 200 bpm, open mouth panting and tongue out were observed 
within each treatment. Panting scores increased as the duration of exposure to hot conditions 
increased and were similar for each treatment (Table 4.5). Cattle subjected to the misting treatment 
did not have a panting score over 3, but of all the treatments had the highest number of panting 
scores of 3. 
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Table 4.5: The mean number of steers (n=9) observed hourly over the four days of hot 
conditions with panting scores of <2, 2, 2.5, 3 or >3 for each of the four treatments; Hosing, 
overhead sprinklers (Overhead), leg sprinklers (Leg) and misting.  
 Treatment <2 2 2.5 3 >3 
Hosing 8.4  1.8 0.6  1.8 0.1  0.4 0.03  0.2 0.01  0.1 
Overhead 8.8  0.6 0.1  0.4 0.05  0.2 0.04  0.2 0.01  0.1 
Leg 8.3  1.7 0.5  1.2 0.2  0.5 0.05  0.2 0.01  0.1 
Misting 8.5  1.1 0.3  0.7 0.06  0.2 0.1  0.4 0 
 
Dry Matter and Water Intake 
Dry matter intake (DMI) decreased as the duration of exposure to hot conditions increased (Table 
4.6). The hosing treatment had the smallest decrease in DMI (0.5 kg), followed by the misting 
treatment (0.7 kg), the overhead sprinkler treatment (2.2 kg) and the leg wetting option had the 
largest negative impact with a 43 % reduction in DMI over three days of hot conditions.  
 
Table 4.6: Dry matter intake (kg/head/d) over the hot conditions for each water application  
option. 
Treatment Day 3 Day 4 Day 5 Day 6 Difference 
Hosing 8.5 7.0 8.0 8.0 0.5 
Overhead 9.0 8.5 7.2 6.8 2.2 
Leg
1
 9.0 9.0 4.8 
- 
4.2 
Misting 8.2 7.8 7.5 7.5 0.7 
1
Leg wetting option terminated at the end of Day 3 
 
The mean drinking water temperature was 22.9 ± 0.2 °C during thermoneutral conditions and 25.7 ± 
0.4 °C during the hot days. For all treatments, the water intake was greater during exposure to the 
hot conditions than during thermoneutral conditions (Table 4.7).   
 
Table 4.7: Mean water intake (L/head/d) and the percentage change in water intake for TNC 
and HOT conditions. 
Treatment TNC HOT % increase 
Hosing  20.13 46.13 229.16 
Overhead 22.80 40.55 177.85 
Leg
1
 16.79 38.85 231.39 
Misting 19.52 38.97 199.64 
1
Leg wetting option terminated at end of day 3 
 
Animal Position and Behaviour 
Within all treatments more cattle were observed standing than lying (Figure 4.3). The overhead 
treatment resulted in the most cattle observed standing (55.1 %), for the leg and hosing treatments 
standing was observed 52.25 and 50.05 % respectively and misting the least (45.2 %). More cattle 
were observed drinking (4 %) during the hose treatment compared to misting, leg and overhead 
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(3.62, 2.25 and 2.52 respectively). The percentage of time observed eating was similar for all 
treatments (hosing = 6.72 %, overhead = 5.73, leg = 6.76 and misting = 6.49). 
 
On day 4 at 0100 of the leg sprinkler treatment, the cattle were not coping, most of the cattle had 
mucous out of nostrils, two steers had a PS of 2 and another two had a PS of 3. The leg sprinklers 
were turned on; however, the more dominant animal stood in front of the sprinkler and therefore 
none of the other animals were able to benefit from the treatment. This behaviour was noted for the 
rest of the wetting events. By 1200 on day 5 the cattle had not eaten their morning feed given at 
0800. At 0115 on day 5 after 11 more water events the treatment had to be shut down as all animals 
were showing signs of distress; RR > 120 bpm, PS > 2, mucous from mouth, heads down and ears 
flat. Within 15 min of shutting down the hot conditions the TDB had dropped by 2 ºC and two of the 
steers were eating. Within 35 min after shut down with a TDB of 31.6 ºC and TWB of 29.1 ºC, most 
cattle were eating and all animals had panting scores below 2.  
 
An interesting aspect of behaviour of the cattle was that the dominant animals in each group 
positioned themselves within the pen to obtain maximum heat respite. To retain their position they 
would display aggressively to the members of the group. 
 
Figure 4.3: Percentage of cattle (n=9/treatment) observed standing, lying, eating and drinking 
for each hour over the four days of hot conditions for each water application method hosing, 
overhead sprinklers (overhead), leg sprinklers (Leg) and misting. 
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4.3.4  Water Application 
Treatments differed in the number of water application events needed to ensure the threshold 
triggers for RR where not exceeded (i.e. 120 bpm or open mouth panting). The least number of 
water applications occurred with the hosing treatment (n = 11, Table 4.8) and the most with the 
misting treatment (n = 39, Table 4.11). For the overhead, leg and misting treatments the number of 
water applications needed to relieve heat load increased as exposure to heat load increased, i.e. there 
was duration of heat load exposure × intensity of heat load response. No water applications 
occurred on day 4 for any of the treatments. Water application did not occur until day 5 of the 
hosing treatment whereas for all other treatments water application commenced on day 4. 
 
Hosing Treatment 
Each of the 11 hosing events (Table 4.8) was initiated when a steer reached the threshold limit. A 
PS of 3.5 was recorded on 2 occasions (day 5 2400 and day 6 1900); after an average 2 min hosing 
the animal’s PS lowered to a 2 in the period before the next observation (i.e. an hour after the start 
of the event). The last event occurred on day 6 at 0500; 1 animal had a PS of 3 and 3 animals had a 
score of 2. Within an hour of water application (2.32 min) the animal with a score of 3 had reduced 
to 2 and the other 3 animals had PS scores below 2.  
 
Table 4.8: Water application details for the hosing treatment including; application number, 
day of experiment the application occurred, time of application, duration of application, 
panting score (PS) of the trigger animal/s, number of animals with this panting score.  
Application Day Time Duration PS No. animals PS 
1 5 900 2.38 3 1 
2 5 1200 3.20 3 3 
3 5 1400 3.20 2.5 1 
4 5 1800 5.00 2.5 2 
5 5 2000 3.17 2.5 1 
6 5 2400 2.40 3.5 1 
7 6 1500 2.44 3 1 
8 6 1900 1.54 3.5 1 
9 6 2300 2.48 3 1 
10 6 200 2.37 2 2 
11 6 500 2.32 3 1 
 
Overhead Sprinkler Treatment 
There were a total of 26 water application events with the overhead sprinkler treatment (Table 4.9). 
On day 5 at 1000 h, one steer had an RR of 168 bpm, this fell to 102 bpm following sprinkling. This 
same steer had the highest recorded PS (3.5) and a RR of 212 bpm for this treatment on day 5 at 
1600 h, after a 2 min event this animal’s PS dropped to below 2 and RR decreased to 164 bpm. On 
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days 5 and 6 maximum RR ranged from 142 - 206 bpm and these values reduced to 88-120 bpm 
approximately 30 min after the water application event. 
 
 
Table 4.9: Water application details for the overhead sprinkler treatment including; 
application number, day of experiment the application occurred, time of application, duration 
of application, panting score (PS) of the trigger animal/s, number of animals with this panting 
score.  
Application Day Time Duration PS No. animals Auto Setting 
1 4 1900 1.24 3 1 - 
2 4 2200 1.27 2.5 2 - 
3 4 300 2.00 2.5 1 - 
4 5 1000 2.00 2.5 1 - 
5 5 1100 2.00 3 1 - 
6 5 1200 2.00 2.5 1 - 
7 5 1600 2.00 3.5 1 - 
8 5 1800 2.00 3 1 - 
9 5 2200 2.00 3 1 - 
10 5 2300 2.00 < 2 9 2 min on 35 off 
11 5 100 2.00 < 2 9 2 min on 35 off 
12 5 400 5.00 < 2 9 5 min on 55 off 
13 5 600 5.00 < 2 9 5 min on 55 off 
14 5 700 2.58 < 2 9 2 min on 58 off 
15 6 1100 2.00 3 1 2 min on 58 off 
16 6 1200 2.00 2.5 1 2 min on 58 off 
17 6 1300 2.00 < 2 9 2 min on 58 off 
18 6 1500 2.00 3 1 2 min on 58 off 
19 6 1700 2.00 < 2 9 2 min on 58 off 
20 6 1900 2.00 < 2 9 2 min on 58 off 
21 6 2100 2.00 < 2 9 2 min on 58 off 
22 6 2300 5.00 3 1 5 min on 45 off 
23 6 2400 5.00 2 1 5 min on 45 off 
24 6 200 5.00 < 2 9 5 min on 45 off 
25 6 400 3.00 < 2 9 3 min on 45 off 
26 6 600 3.00 < 2 9 3 min on 45 off 
- water application was controlled manually at these times 
 
Leg Sprinkler Treatment 
The first water application event for this treatment occurred on day 4 at 1900 h, 5 head had PS of 2 
and after 5 min of leg wetting all animals had PS below 2 (Table 4.10). Once water application 
started, there were three dominant steers that positioned themselves in front of the leg sprinklers. 
The RR of these steers was 70 - 100 bpm on day 5 at 2100h till the end of the treatment at 0100 h 
and decreased by up to 50 bpm with 3 - 6 min of water application. During this same period the 
other 6 steers had RR of 149 - 175 bpm and RR did not decrease. This treatment was terminated on 
day 5. 
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Table 4.10: Water application details for the leg sprinkler treatment including; application 
number, day of experiment the application occurred, time of application, duration of 
application, panting score (PS) of the trigger animal/s, number of animals with this panting 
score. 
Application Day Time Duration PS No. animals Auto Setting 
1 4 1900 5.00 2 5 - 
2 4 2300 5.00 2.5 2 - 
3 4 100 5.00 3 2 - 
4 4 200 5.00 2 2 - 
5 4 400 5.00 2 1 - 
6 4 600 5.00 2 1 - 
7 5 1100 5.00 2 3 5 min on 45 off 
8 5 1200 5.00 3 1 5 min on 30 off 
9 5 1300 5.00 < 2 9 5 min on 30 off 
10 5 1400 5.00 < 2 9 5 min on 30 off 
11 5 1500 5.00 < 2 9 5 min on 30 off 
12 5 1600 5.00 < 2 9 5 min on 30 off 
13 5 1700 5.00 < 2 9 5 min on 30 off 
14 5 1800 5.00 < 2 9 5 min on 30 off 
15 5 1900 5.00 < 2 9 5 min on 30 off 
16 5 2000 5.00 < 2 9 5 min on 30 off 
17 5 2100 5.00 3.5 1 5 min on 25 off 
18 5 2200 5.00 2.5 1 5 min on 25 off 
19 5 2300 5.00 2.5 1 5 min on 25 off 
20 5 2400 5.00 3 1 5 min on 25 off 
21 5 100 5.00 3 1 5 min on 25 off 
- water application was controlled manually at these times 
 
Misting Treatment 
One animal with a PS of 3 triggered the first water application event for the misting treatment 
(Table 4.11) the misters were then set to come on for 3 min and off for 60 min. Following each 
misting event RR fell by 50 - 90 bpm and even though these events reduced TDB the steers did not 
appear to lose sufficient body heat and their RR returned to the pre-misting RR within an hour. On 
day 6 at 2300 h the highest PS (3.5) was observed and after a 3 min water application the animals 
PS remained above 3 and therefore this treatment was discontinued. 
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Table 4.11: Water application details for the misting treatment including; application 
number, day of experiment the application occurred, time of application, duration of 
application, panting score (PS) of the trigger animal/s, number of animals with this panting 
score. 
Application Day Time Duration PS No. animals Auto Setting 
1 4 1900 3.00 3 1 3 min on 60 off 
2 4 2200 3.00 < 2 9 3 min on 60 off 
3 4 2300 3.00 < 2 9 3 min on 60 off 
4 4 2400 3.00 < 2 9 3 min on 60 off 
5 4 100 5.00 < 2 9 3 min on 60 off 
6 5 1400 3.00 3 1 3 min on 60 off 
7 5 1500 3.00 2 1 3 min on 60 off 
8 5 1600 3.00 2 1 3 min on 60 off 
9 5 1700 3.00 < 2 9 3 min on 60 off 
10 5 1800 3.00 2.5 1 3 min on 60 off 
11 5 1900 5.00 3 1 5 min on 30 off 
12 5 2000 5.00 < 2 9 5 min on 30 off 
13 5 2100 5.00 2 1 3 min on 36 off 
14 5 2200 5.00 < 2 9 3 min on 36 off 
15 5 2300 5.00 < 2 9 3 min on 36 off 
16 5 2400 5.00 3 1 3 min on 36 off 
17 5 100 10.00 3 2 - 
18 5 200 3.00 2 1 3 min on 36 off 
19 5 300 3.00 3 1 3 min on 24 off 
20 5 400 3.00 2 1 3 min on 24 off 
21 5 500 3.00 < 2 9 3 min on 24 off 
22 5 600 3.00 < 2 9 3 min on 36 off 
23 5 700 3.00 < 2 9 3 min on 48 off 
24 6 800 3.00 < 2 9 3 min on 48 off 
25 6 900 3.00 < 2 9 3 min on 48 off 
26 6 1000 3.00 < 2 9 3 min on 48 off 
27 6 1100 3.00 < 2 9 3 min on 48 off 
28 6 1200 3.00 < 2 9 3 min on 48 off 
29 6 1300 3.00 < 2 9 3 min on 48 off 
30 6 1400 3.00 < 2 9 3 min on 48 off 
31 6 1500 3.00 < 2 9 3 min on 40 off 
32 6 1600 3.00 < 2 9 3 min on 40 off 
33 6 1700 3.00 < 2 9 3 min on 40 off 
34 6 1800 3.00 2 1 3 min on 40 off 
35 6 1900 3.00 < 2 9 3 min on 40 off 
36 6 2000 3.00 2 1 3 min on 40 off 
37 6 2100 3.00 3 1 3 min on 40 off 
38 6 2200 3.00 3 1 3 min on 40 off 
39 6 2300 3.00 3.5 1 3 min on 40 off 
- water application was controlled manually at these times 
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Amount of Water Applied 
The mean duration of water application and amount of water used per application (all animals) for 
each treatment are shown in Table 4.12 with the greatest amount of water used per steer was with 
misting. 
 
Table 4.12: Mean duration (min/seconds), mean volume of water used in litres (L) for each 
water application, total water used (TW, L) for each treatment, the mean volume of water 
(MV, L) per steer for each treatment and the total volume (TOT, L/steer) of water per steer 
for each treatment. 
Treatment Duration Volume TW MV TOT 
Hosing 2 min 36s 84.5 845 9.4 94 
Overhead 3 min 36s 117.0 2691 13.0 299 
Leg
A
 5 min 10s 167.9 3694 18.7 410 
Misting 3 min 40s 119.2 5483 13.2 609 
A 
3 Days of data 
 
4.3.5  Microclimate Responses to Water Application 
Microclimate changes in response to water applications were variable both within and between the 
water application treatments. The largest effect on air temperature occurred during overhead 
sprinkling where TDB fell by 4 °C over a 20 min period. During misting TDB reductions of 2.5 °C 
were recorded approximately within 3 min of water application. The TWB tended to increase with 
increasing dry bulb temperature after the end of a water application event. However under some 
conditions there were no changes in TDB after an event as shown in Table 4.13; TDB remained the 
same, whereas the TWB decreased by 1 ºC.   
 
Table 4.13: The impact of misting on wet (TWB) and dry bulb temperature (TDB) for the 6 
minutes from the cessation of a water application event. 
Time of “day”  TWB TDB 
0320 33.5 33.2 
0321 33.6 33.3 
0322 33.6 33.1 
0323 33.9 33.1 
0324 32.5 33.3 
0325 32.4 33.2 
 
An example of the inconsistency in the pattern of TDB and TWB after an application event is shown 
graphically in Figure 4.4. During this three hour period on day 6 of the overhead sprinkler treatment 
there were 4 water applications, of which TDB reduced by up to 4 ºC and TWB increased by 0.8 ºC. 
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Figure 4.4: The effect on dry bulb temperature (TDB) and wet bulb temperature (TWB) 
following 4 x 5 minute water application events on day 6 of the overhead sprinkler treatment. 
 
On average a misting event had a downward effect on TDB, and almost no effect on wet bulb 
temperature. TDB decreased (range of 0.8 - 2.5 
o
C) within 1 min of the commencement of misting 
and remained below the pre misting levels for 20 to 30 minutes (Figure 4.5). 
 
 
Figure 4.5: The effect on dry bulb temperature (TDB) and wet bulb temperature (TWB) 
following 3 x 3 minute water application events on day 5 of the misting treatment. 
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4.4 DISCUSSION 
The aims of this study were to use group housed Bos taurus cattle to evaluate the effectiveness of 
different water application methods to alleviate of the heat load of cattle continuously exposed to a 
high temperature and determine the impact of the application methods on the animals’ 
microclimate. .Limitations of the facilities available for the research did not allow replication of 
treatments, thus precluding statistical analysis. This was further complicated because wetting events 
were initiated by animal responses which differed between treatments and not by predetermined 
systematic wetting. The physical constraints of group housing also prevented the measurement of 
rectal temperature. Nevertheless, as each pen (treatment group) contained 9 animals, the 
observational data generated in the study is robust. The observations demonstrated differences in 
animal responses to the different water application methods and some differences in the 
microclimate, especially the generation of ammonia.  
 
4.4.1  Animal Responses to Climate and Water Application 
There was no need to apply water to these cattle on the first day of hot conditions. This is consistent 
with a number of studies that have shown that cattle are able to cope with high heat load conditions 
for at least some period of time (Hahn et al. 1993) 
 
It was noticeable across all of the treatments that RR increased through the day (from 0800 - 2000 
h) even when there was little change in TWB and dry-bulb temperature. The rise in RR may be due 
in part to the effect of feed intake, especially early in the day (i.e. between 0800 and 1200 h) as 
other studies have also reported higher RR due to feed intake and time of the day (Olbrich et al. 
1973; Purwanto et al. 1990; Brosh et al. 1998). Furthermore, as the duration of exposure to hot 
conditions increased, the animal’s ability to cope (or adjust to the prevailing conditions) was 
reduced. Therefore, as the animals become progressively more susceptible to heat stress, it is 
difficult to recommend a time for on/off wetting strategies. For example, with the misting treatment, 
2 min on and 50 min off was sufficient to cool the cattle on day 2 of hot conditions; however, by the 
day 3 the best strategy for the water application was 5 min on and 45 min off, indicating that the 
system needs to be constantly recalibrated during high heat load events. 
 
Behaviour  
There was considerable variation in individual animal behaviour in response to the hot conditions. 
While the majority of cattle showed classic clinical signs of excessive exposure to high heat load 
(drooling, excessive panting, shifting weight from one leg to another, and lowering and holding 
head down), others coped well, showing little or no response to the conditions imposed.  
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The data from the present study suggest that the cattle that coped well were the dominant animals in 
the group. This conclusion is based on the position and location of these animals during the hot 
days of the treatment periods, i.e. where the air movement was greatest, at the water bowl or near 
the leg sprinklers (in the leg sprinkler treatment). The dominant animals would stand or lie near or 
in front of the sprinkler and sometimes place their head into the spray of the sprinkler which would 
in turn block the other cattle from becoming wet. These dominant animals would actively “defend” 
their position in the pen and would push other cattle away. In addition these dominant animals were 
able to spend time lying down each day. At the other end of the hierarchical spectrum one or two 
animals were pushed into the middle of the pen, away from food and water and good air movement. 
In this location much of the air movement was blocked by other cattle, and these cattle spent little 
or no time lying down. In two cases a steer was standing during every observation over five days. 
To my knowledge the leg sprinkler method has not previously been trailed and therefore 
comparisons could not be made to other studies. In future studies leg sprinklers would not be a 
recommended method of alleviating heat load in cattle. 
 
A greater proportion of the animals were observed standing than lying across all treatments; this 
was also observed by Brown-Brandl (2006) who suggested that cattle subjected to hot temperatures 
spend less time lying and more time standing. 
 
Dry Matter and Water Intake 
The dry matter intake was reduced in all treatments. The greatest reduction of dry matter intake 
occurred during the leg treatment. These findings are comparable with that of NRC (1981), which 
states that the immediate response of animals to heat stress is reduced feed intake in an attempt to 
bring metabolic heat production in line with heat dissipation capabilities. In this study from the first 
day of the hot conditions to the last, dry matter intake was decreasing which indicates that the 
animals were unable to effectively dissipate body heat, and therefore continued to decrease feed 
intake in an attempt to reduce metabolic heat production until the end of the hot conditions. All 
animals increased water intake (> 150 %) during the hot conditions compared to the thermoneutral 
days. 
 
4.4.2 Climate Responses to Water Application 
There was some concern that misting would lead to undesirable changes in the microclimate 
especially in situations where RH is high and air movement is limited (Frazzi et al. 1997; Correa-
Calderon et al. 2004). Positive effects on cattle have however been reported in the dairy industry 
(Armstrong et al. 1993; Means et al. 1992). Under the climatic conditions imposed during the 
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present study undesirable changes were not seen. Misting had a significant downward effect on TDB, 
and almost no effect on TWB. 
 
Ammonia Concentration 
With water application the sawdust bedding was wetted; NH3 levels rose and cattle started coughing 
when the concentration exceeded 20 ppm. Breathing was also difficult and throat irritation was 
present for humans working in the climate controlled room when NH3 exceeded 20ppm. Costa et al. 
(2003) reported that the threshold limit for atmospheric ammonia for cattle over an 8 hour period is 
25 ppm, and Luttrell (2002) reported throat and nose irritation of humans at 24 ppm.  Long term 
exposure to lower ammonia levels may lead to respiratory damage in cattle (Dewes and Goodall 
1995; Costa et al. 2003), which will have a negative impact on their ability to deal with heat stress. 
The ammonia levels were the highest during the hosing treatment and on day 6 when the bedding 
was removed, ammonia levels reached 32 ppm. Ammonia levels dropped dramatically following 
removal of the bedding.  
 
4.5 CONCLUSION 
Water applications reduced the heat load of cattle exposed to continuous hot conditions. This has 
implications for the frequency of water application (more frequent application is needed) and 
animal observations (respiration rates, panting scores, behaviour) are a key factor in determining 
when water should be applied. The observations in this study, also demonstrated that sprinklers at 
leg level were the least reliable method in reducing heat load to alleviate heat load from the cattle 
was not a viable option. It was also shown that sawdust bedding when wet creates an increase in 
ammonia that may impair animal health. 
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5.1 INTRODUCTION 
Heat tolerance is one of the most important adaptive aspects for cattle. The physiological responses 
of cattle to acute periods of excessive heat load have been well described (Blackshaw & Blackshaw 
1994; Sanchez et al. 1994; Gaughan, et al. 1999) and include increased respiration rate, decreased 
feed intake and increased water intake. However, previous studies on high heat load have not 
examined the effects of continuous heat load without diurnal respite; the conditions that occur on 
sea voyages through the tropics.  
 
The lack of thermally-tolerant breeds is a major constraint on cattle production in many countries 
and there is a need to not only identify heat tolerant breeds, but also heat tolerant animals within a 
non-tolerant breed (Gaughan et al. 2010). However, care needs to be taken before making any 
generalised statements about the heat tolerance of cattle genotypes or individuals within a genotype 
due to the potentially large variation in their heat tolerance (Gaughan et al. 2010). When both Bos 
taurus and Bos indicus breeds of cattle are transported live on ships to the Middle East from 
southern Australian ports (ports south of 31°S), Bos indicus cattle appear to cope better with the hot 
humid conditions (32 to 34°C with little or no diurnal variation) (Norris et al. 2003).  
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The studies in Chapters 3 and 4 were limited to one Bos taurus breed of beef cattle, (Angus), and 
reported the response of this breed to continuous hot climatic conditions, and the efficacy of 
different water application techniques to alleviate heat load. In this Chapter, three water application 
methods were evaluated with  three beef cattle genotypes; Bos Taurus (Angus), Bos indicus 
(Brahman) and Bos taurus x Bos indicus cross (Brangus) exposed to a continuous high temperature.  
 
5.2 MATERIALS AND METHODS 
The experiment undertaken in this Chapter was with the approval of the University of Queensland 
Animal Ethics Committee and complied with the Australian Code of Practice for the Care and Use 
of Animals for Scientific Purposes. 
 
5.2.1 Experimental Design 
Nine steers (3 - Angus, 3 - Brahman and 3 - Brangus) were used in a 30 day controlled environment 
study. Due to the limited space in the climate controlled facility, only six steers could be housed in 
each 10 day treatment period, a balanced incomplete block design was used (Table 5.1). The nine 
steers were rotated through the facility so that each animal was exposed to two of the three 
treatments (hosing, sprinkling and misting). During each treatment period, the cattle were exposed 
to thermoneutral conditions for three days prior to and at the end of the four day hot period (Table 
5.2). 
 
Table 5.1: Outline of treatment (T1 - hosing; T2 - sprinkling; T3 - misting) and animal [three 
Angus (A1, A2 and A3); three Brahman (B1, B2 and B3); three Brangus (AB1, AB2 and 
AB3)] combinations and rotations used in the 60 day experiment. 
 A1 A2 A3 B1 B2 B3 AB1 AB2 AB3 
T1 X X  X X  X X  
T2  X X  X X  X X 
T3 X  X X  X X  X 
 
The limited space available and the nature of the treatments precluded more than one treatment 
being evaluated in any single 10 day period. It was assumed that in the controlled environment unit, 
differences between time periods would be negligible and the 18 animal-pen combinations formed 
the experimental units. 
 
Water Application 
Water application occurred immediately when any of the physiological thresholds, or a combination 
of each, was reached by an individual animal. These included; a rectal temperature ≥ 41 °C (see 
Appendix 3) respiration rate ≥ 120 breaths per min (bpm), animal behaviour (agitated appearance, 
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head down), and other factors such as drooling and panting score > 3.0 (see Appendix 4). Water 
was applied to all animals even if only one animal triggered the water application event. The 
treatment water temperature ranged from 28.0 °C and 32.0 °C with a mean temperature of 31.3 ± 
0.3 °C. The salt water used was mixed and heated as described in Appendix 2. 
 
Treatment 1 (Hosing): Water was applied to the cattle using a 25 mm diameter hose with an output 
of 0.5 L/sec. The person would stand at one end of the 6 pens and spray 3 animals with the hose, the 
person would then move to the other end of the 6 pens and hose the other 3 animals. Water was 
applied along the backline of the cattle in sufficient quantity so that the water was just beginning to 
run off the animals.  
 
Treatment 2 (Sprinklers): A single large droplet sprinkler was located above (1 m) each individual 
pen. The sprinklers were positioned so that water would spray onto the animals and so that animals 
could not avoid the spray. The volume of water output from each sprinkler averaged 0.04 L/sec.  
 
Treatment 3 (Misting): A misting nozzle attached to the same water line as the sprinklers was used 
for this treatment and the volume of water output from the mister nozzles was on average 0.007 
L/sec 
 
5.2.2  Climate Room 
The climate room is detailed in Chapter 3 (Section 3.2.2). The stalls were cleaned twice daily at 
0700 h and 1600 h. Fans (700 mm diameter blades; 1200 mm in height) were used to ensure 
adequate circulation and mixing of hot air. The fans did not blow air directly onto the steers and 
were located in front and behind the pens. The pen air turnover was 2352 ± 30 m
3
/h and this was 
checked at the start and at the end of each experimental period. 
 
5.2.3  Climate Data 
The cattle were exposed to thermoneutral conditions in the climate control room for three days prior 
to and at the end of a four day hot period (Table 5.2). The TDB and TWB were to be maintained 
between 20 °C and 25 °C. Hot conditions commenced on day 4 and were designed so that dry-bulb 
and wet-bulb temperature increased from day 4 to day 7 (Table 5.3).  
 
 
 
 94  
Table 5.2: Climatic conditions both thermoneutral (TNC) and hot conditions (HOT) over the 
10 day experimental period. 
 Thermoneutral 
Conditions (TNC) 
Hot Conditions (HOT) Thermoneutral 
Conditions (TNC) 
Day of 
Experiment 
1 2 3 4 5 6 7 8 9 10 
 
 
Table 5.3: Set dry bulb temperature (TDB), wet bulb temperature (TWB) and relative humidity 
(RH) of climate room, over the 10 day experimental period. Days 1 - 3 thermoneutral 
conditions (TNC), days 4 - 8 hot conditions and days 8 - 10 thermoneutral conditions (TNC). 
 TDB TWB RH 
Days 1 - 3 (TNC) < 25 °C < 25 °C > 70 % 
Day 4 (HOT) 28 °C min; 30 °C max 26 °C min; 28 °C max > 70 % 
Day 5 (HOT) 29 °C min; 32 °C max 27 °C min; 29 °C max > 70 % 
Day 6 (HOT) 31 °C min; 35 °C max 30 °C min; 32 °C max > 70 % 
Day 7 (HOT) 31 °C min; 35 °C max 30 °C min; 32 °C max > 70 % 
Days 8 - 10 (TNC) < 25 °C < 25 °C > 70 % 
 
TDB and TWB were recorded at 5 min intervals using a “mini-logger” temperature/ humidity logger 
(Chapter 3, Section 3.2.3). The logger unit was placed in the middle of the facility with two sensor 
probes (EH-010A) each being placed above the middle pen of each set of three individual pens. 
These probes were positioned approximately head height to the cattle and 0.2 m in front of the pen. 
The temperature-humidity index (THI) and RH were calculated at 5 min intervals as described in 
Chapter 3, Section 3.2.3. 
 
5.2.4 Animal Management 
The cattle were group housed at The University of Queensland Gatton Campus Feedlot, for 40 days 
prior to the commencement of the climate room study and were transitioned over a 21 d period from 
a roughage diet to a grain based diet (see Table 3.2). On entering the feedlot, the steers had a mean 
live weight (LW) of 341.3 ± 16.2 kg. The Angus steers had a LW of 359.3 ± 22.0 kg; Brahman had 
a LW of 336.7 ± 17.0 kg; and the Brangus steers had a LW of 328 ± 3.3 kg. The cattle were 
individually identified using ear tags and were vaccinated against; clostridial diseases (Cl. 
perfringens type D, Cl. tetani, Cl. novyi type B, Cl. septicum, Cl. chauvoei) and leptospirosis 
(Leptospira interrogans serovar Pomona, L. borgpetersenii serovar hardjo type Hardjobovis) 
(Ultravac 7 in 1, Pfizer, West Ryde, NSW Australia), Bovine Emphermeral Fever (Fort Dodge, 
Baulkham Hills, NSW Australia) and also treated for internal and external parasites using Cydectin 
pour-on for cattle (Fort Dodge, Baulkham Hills, NSW Australia). No hormonal growth promotants 
(HGP’S) were used. All steers were trained to lead prior to the commencement of the study. This 
was necessary due to the handling required for data collection while under test conditions. 
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Diet and Feeding 
While in the climate control room the cattle were fed half their daily ration (refer to Table 3.2 for 
diet composition) at 0800 h and the remainder at 1600 h. Feed allocation at the start of each 10 day 
experimental period was based on 2.5 % of starting live weight. Throughout the study feed intake 
was adjusted so that cattle would consume their allocated amount with minimal residue over a 24 h 
period, at no time were the cattle without feed. At each feeding time residue feed was removed, 
weighed (AND GP-30k, A & D Company Ltd, Japan, Model: K0001) and 100 grams of this residue 
was dried in an oven (Qualtex, 240 volts, FSE Scientific, Australia, Model: OM36SE3) set at 103 
°C. The dried sample was weighed after 24 h to determine percentage dry matter (based on ISO 
International Standard no. 6496 (1983)). A fresh supply of drinking water was available at all times 
using individual 20 L plastic drums located at the front of each pen. Water intake was measured 
hourly using individual measuring rods for each pen with 0.5 L increments on the surface of the 
rod. The amount of water remaining after each hour was recorded. The water drums were cleaned 
twice daily and refilled when necessary. 
 
5.2.5  Animal Data 
Individual rectal temperatures (RT) were measured using 210-mm rectal probes with a thermistor 
sensor (accuracy of 0.1 °C) mounted in the tip (Appendix 3). The probes were inserted into the anus 
of the steer within an hour of entering the climate room on the first day of thermoneutral conditions. 
Rectal probes (Appendix 3) were secured to steers by an elastic cord (4 mm in diameter) attached to 
a heart girth harness. Probes were connected to a data logger and measurements were recorded 
every 5 min (Smart Reader; ARC Systems, Brisbane, Queensland, Australia). The probe was 
inserted using lubrication and the arms of the probe were wrapped in vet wrap (Vet wrap, 10 cm x 
1.5 m, St. Paul, MN USA) to prevent skin irritation.  
 
Respiratory rates were obtained hourly over a 24 h period by counting 10 flank movements and 
recording the time (seconds) taken for this to occur, this value was then converted into breaths per 
min. Respiratory rates were also recorded immediately prior to and following water application. In 
addition to RR, panting scores (PS) were also obtained during hourly observations. The PS’s were 
determined with reference to a photo guide previously developed for the feedlot industry (see 
Appendix 4). 
 
Animal position (standing or lying) and activity (eating, drinking or sleeping) were also recorded at 
hourly intervals. Two video cameras were located above each set of three stalls in the climate room.  
The use of the videos (see Chapter 3, Section 3.2.2 for details) allowed observation of animal 
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position without the need to enter the room, which could potentially change cattle behaviour at the 
time of data collection. 
 
Surface temperature of the animal was recorded hourly. The areas on the body where surface 
temperatures obtained are shown in Figure 5.1. The sites were A = neck, B = rib, C = rump and D = 
lower leg on the left side of the animal for pens 1 to 3 and the right side for pens 4 to 6 (see Chapter 
3, section 3.2.2 for pen setup). The surface temperatures were obtained using an infrared surface 
thermometer with an accuracy of ± 0.5 °C (Raytek MX4PU 22V, Raytek
®
, Santa Cruz, California). 
The instrument was pointed to the desired area and held at a distance of approximately 1 m until the 
reading was stabilised (approximately 2 s). The four measurements of surface temperature were 
averaged and the mean value used for statistical analysis. 
 
 
Figure 5.1: Sites on the animal; neck (A), rib (B), rump (C) and lower leg (D) where surface 
temperatures were recorded. 
 
5.2.6  Definition of Day 
In order to link cattle observations to feeding events a day was deemed to start at 0800 h and finish 
at 0759 h (the following morning). 
 
5.2.7  Statistical Analysis 
Statistical analysis was undertaken using SAS/ STAT software, Version 6.12 of the SAS system for 
Windows (SAS 1996), unless otherwise stated. 
 
Climate Data 
The climactic data (TWB, TDB, RH, and THI) were recorded as a single non-replicated series for 
each treatment. Data from the three treatments are presented for comparison only. These figures 
were based on hourly climatic conditions and standard deviation within each day was derived. 
A 
B 
C 
D 
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Daily Data  
Each of the 18 animal treatment combinations was the experimental units/ subjects. The animal 
response to climate during each treatment was analysed using the mixed model procedure in SAS to 
show changes in both actual and relative figures over time for each breed and treatment. These 
means were calculated using a block of daily data between 0800 and 1700 h, from day 2 to day 9. 
This data was used as it was the only times common over all three treatments and days.  
 
Mean and relative RT and RR: The statistical model included terms for breed, treatment, day, 
breed x day and treatment x day. The breed x treatment interactions were considered, however 
initial analysis indicated that there were no significant differences. The dependent variables 
included RT, RR, feed intake, water intake and average surface temperature. As all animals were 
being subjected to the same treatment and climatic conditions, a baseline respiratory rate and rectal 
temperature was calculated for each animal. These data were derived by averaging the respiratory 
rate and rectal temperatures of days 2 and 3 of the first thermoneutral period. Individual baselines 
were then used to convert RR and RT into relative values (i.e. the change relative to the baseline) by 
dividing by the appropriate baseline.  
 
Relationships between animal responses and TWB: Using the same means calculated from 0800 to 
1700 h from days 2 to 9 for RT, RR and average skin temperature, regression relationships were 
fitted between these variables for each breed treatment combination and TWB. 
 
Relationship between animal response and surface temperature: The relationships between RT, 
RR and average surface temperature were determined. While all three variables are correlated the 
most interesting relationship was between RR and surface temperature. A scatter plot of RR versus 
skin for each breed within treatment for days 2 to 9 revealed that at a particular inflection point, 
such as a surface temperature of 33 ºC, the respiratory rate increased. A broken stick model in SAS 
was fit to estimate the threshold. Using a non linear procedure (SAS NLIN estimation), fitting a 
separate threshold model for each breed with respiratory rate as the dependent variable:  
when surface temp  is < m, y = a and when surface temp is > m then y = a + b(x-m) 
 
Duration of an Event 
The duration of the event was analysed in Minitab, with treatment as the dependent variable. The 
differences of means were analysed using the Fisher Individual method and tested at 95 % 
confidence intervals. 
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Climate response to a water event 
Analysis of the climate data response to water application events was undertaken using a one way 
analysis in change in climatic variables (considering each cooling event as a sample). Rather than 
comparing the treatments we concentrated on whether the estimated mean changes were different 
from zero. In each treatment the observed changes in microclimate (TDB, TWB, RH and THI) 
readings at the time of the event (0), 0 to 15 min, 15 to 30 min and 0 to 60 min after an event were 
assessed. A t-statistic was calculated for each climatic variable for each treatment by dividing each 
mean change by its standard error. 
 
Rectal temperature response to a water event 
Analysis of the RT response to water events was undertaken using the GLM procedure (SAS), with 
the dependent variables being the initial event RT (immediately prior to wetting), post-wetting 
event RT 30 min after the event occurred, the RT 60 min after the event occurred, the change in RT 
from 0 to 30 and 30 to 60 min (the difference between the two). For each animal-treatment 
combination the mean initial event RT, RT 30, RT 60 and change values were calculated. The 
significance of the mean changes was calculated using a one-tailed t-test. There was no evidence of 
a treatment x breed interaction (P value > 0.5 in all cases), and this term was removed from the 
model, leaving only breed and treatment effects. The analysis was weighted by the number of 
wetting events for each treatment. Comparisons for each variable were analysed using the Fisher 
Pairwise method and 95 % confidence. 
 
5.3 RESULTS 
5.3.1 Animal Health and Welfare 
No animals required veterinary treatment during or after the experimental period. Water application 
was undertaken in accordance to the described protocols (Chapter 4, Section 4.2.1). On day 6 of the 
misting treatment (2230 h), hot conditions were terminated and thermoneutral conditions were 
resumed. This was due to the elevated rectal temperatures of the two Angus cattle (41.4 ºC and 41.1 
ºC) in this treatment which did not reduce even with several water applications. On day 7 (2100 h) 
the heat was turned off in the hosing treatment as an Angus steer had a continuously elevated rectal 
temperature (42 °C) and therefore thermoneutral conditions resumed. 
 
5.3.2 Climatic Conditions 
The mean climatic conditions for the three treatments (hosing, sprinklers and misting) over the 10 
day experimental periods are presented in Table 5.3, and graphically in Figures 5.2, 5.3 and 5.4. 
The average daily TDB during TNC (days 8 to 10) for each treatment was higher (27.1 ± 0.8 °C) 
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than the protocol set-point of < 25 °C.  For both the hosing and sprinkler treatments the mean daily 
TDB reached 34.2 °C. The misting treatment only reached a mean daily TDB of 32.1 °C (Table 5.3 
and Figure 5.2) as it was shut down on day 6. The hourly TDB and TWB followed similar trends over 
the 10 days of all treatments; both increasing at a similar rate during days 4 to 8 (refer to Figures 5.2 
and 5.3).  
 
Table 5.3: Mean daily climatic conditions; Dry-bulb temperature (TDB), wet-bulb temperature 
(TWB), relative humidity (RH), temperature humidity index (THI) and the ± SE over the three 
treatments (hosing, sprinklers and misting). 
Treatment (Day) TDB (°C) TWB (°C) RH (%) THI
A 
Hosing: 
      TNC (1 - 3) 
      HOT (4) 
      HOT (5) 
      HOT (6) 
      HOT (7) B 
      TNC (8 - 10) 
 
25.0 ± 0.4 
29.5 ± 0.3 
31.4 ± 0.2 
34.2 ± 0.2 
32.4 ± 0.5  
27.0 ± 0.3 
 
22.6 ± 0.4 
28.9 ± 0.3 
30.2 ± 0.1  
31.5 ± 0.1 
29.3 ± 0.3 
24.0 ± 0.2 
 
81.0 ± 0.8 
95.6 ± 0.6 
91.5 ± 1.0 
82.6 ± 1.0 
79.7 ± 1.1 
78.0 ± 0.8 
 
75.0 ± 0.6 
84.5 ± 0.5 
87.1 ± 0.2 
90.0 ± 0.2 
86.5 ± 0.6 
77.8 ± 0.4 
Sprinklers: 
      TNC (1 - 3) 
      HOT (4) 
      HOT (5) 
      HOT (6) 
      HOT (7) 
      TNC (8 - 10) 
 
25.4 ± 0.1 
30.3 ± 0.3 
31.8 ± 0.2 
33.9 ± 0.2 
34.2 ± 0.1 
28.0 ± 0.4 
 
23.5 ± 0.1 
28.9 ± 0.3 
29.9 ± 0.2 
31.4 ± 0.1 
31.4 ± 0.1 
24.5 ± 0.3 
 
85.8 ± 0.6 
89.9 ± 1.5 
87.7 ± 1.4 
83.7 ± 0.7  
82.0 ± 0.7 
75.5 ± 0.8 
 
75.0 ± 0.6  
84.9 ± 0.5 
87.0 ± 0.3   
89.8 ± 0.2 
89.9 ± 0.2 
78.8 ± 0.4 
Misting: 
      TNC (1 - 3) 
      HOT (4) 
      HOT (5) 
      HOT (6)C 
      HOT (7) 
     TNC (8 - 10) 
 
26.4 ± 0.2 
30.0 ± 0.3 
31.3 ± 0.1 
32.1 ± 0.2 
31.2 ± 0.3 
26.4 ± 0.1 
 
24.4 ± 0.2 
29.0 ± 0.3 
30.3 ± 0.1 
31.2 ± 0.2 
29.2 ± 0.3 
24.5 ± 0.1 
 
85.2 ± 0.6 
92.3 ± 0.5 
93.2 ± 0.5 
93.5 ± 0.9 
86.7 ± 2.2 
84.9 ± 0.8 
 
77.7 ± 0.3 
84.9 ± 0.5 
87.1 ± 0.2 
88.6 ± 0.3 
85.8 ± 0.5 
77.8 ± 0.2 
A
 THI: Alert (THI 75 - 78), danger (THI 79 - 84) and emergency (THI ≥ 84) 
B
 Hot conditions ended at 2100 h on this day of the hosing treatment as animals were not coping (refer to section 5.3.1) 
C
 Hot conditions ended at 2300 h on this day of the misting as animals were not coping (refer to section 5.3.1) 
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Figure 5.2: Hourly dry bulb temperature (TDB) for each of the treatments (hosing, sprinklers 
and misting) over the 10 days of the experiment. 
 
 
 
Figure 5.3: Hourly wet bulb temperature (TWB) for each of the treatments (hosing, sprinklers 
and misting) over the 10 days of the experiment. 
 
The mean daily RH was greater than 70 % for all of the experimental days for each treatment 
(Figure 5.4) which is in accordance with the RH set-points in Table 5.3. The TNC periods in all 
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treatments initially showed were in the alert THI range of 75-78 (Appendix 1) and gradually 
increased and remained in the emergency range (THI ≥ 84) over days 4 to 8 (Figure 5.5). 
 
 
Figure 5.4: Hourly relative humidity (RH) for each of the treatments (hosing, sprinklers and 
misting) over the 10 days of the experiment. 
 
 
Figure 5.5: Hourly temperature humidity index (THI) for each of the treatments (hosing, 
sprinklers and misting) over the 10 days of the experiment. 
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5.3.3 Animal Responses to Climate 
Rectal Temperature 
Within breed, mean rectal temperature (Figure 5.6) and relative rectal temperature (Figure 5.7) had 
a similar pattern. The mean RT and relative RT for the Angus; however, were different (P < 0.05) to 
the values of the Brahman and Brangus. The relative RR and RT observed across treatments show a 
significant difference (P < 0.05) between breeds for each day averaged across the treatments. There 
were no RT differences (P > 0.05) between breed and day during TNC and on day 2 all 3 breeds 
had a mean RT of 38.9 ± 0.2 ºC. On day 6 the mean RT for the Angus peaked at 40.8 ± 0.2 ºC, the 
Brahman had an average RT of 39.4 ± 0.2 ºC and Brangus 39.8 ± 0.2 ºC. The Brahman and Brangus 
RT kept increasing till the cessation of hot conditions on day 7 with peak RTs of 39.5 and 40.0 ± 
0.2 ºC respectively whereas the Angus RT had decreased on day 7 to 40.6 ± 0.2 ºC.  There was no 
difference (P > 0.05) between the Brahman and Brangus for RT over the 9 days. 
 
 
Figure 5.6: Mean hourly rectal temperatures (ºC) for each breed (Angus, Brahman and 
Brangus) over days 2 to 9 for all combined treatments (hosing, sprinklers and misting). Error 
bar corresponds to 2 standard errors. 
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Figure 5.7: Mean relative rectal temperatures (ºC) for each breed (Angus, Brahman and 
Brangus) over days 2 to 9 for all combined treatments (hosing, sprinklers and misting). Error 
bar corresponds to 2 standard errors. 
 
Rectal Temperature and TWB Correlations 
The RT for all breeds was significantly correlated with TWB in the hosing treatment; the rate of 
increase in RT for the Angus was 0.2 ºC for every 1 ºC in TWB, and for the Brahman and Brangus, 
0.07 ºC and 0.08 ºC respectively. There was no significant (P > 0.05) correlation for RT and TWB in 
the sprinkler treatment, but there was for the misting treatment. The rate of increase in RT for the 
Angus was 0.3 ºC for every 1 ºC of TWB and 0.1 ºC for every 1 ºC of TWB for the Brangus. In 
contrast, the RT of the Brahmans was not correlated (P=0.4704) with TWB in the misting treatment 
(Table 5.4). 
 
Table 5.4: Estimated slopes of fitted response for rectal temperature (RT (°C)) versus wet 
bulb temperature (TWB (°C)) for each treatment (hosing, sprinklers and misting) and breed 
(Angus, Brahman and Brangus). Table shows each estimate ± SE and P value for H0: slope = 
0. Units are ºC per º of TWB temperature. 
 Hosing
 
Sprinklers
 
Misting 
Angus 0.213 ± 0.044 (P = 0.0030) 0.141 ± 0.065 (P = 0.0734) 0.275 ± 0.025 (P < 0.0001) 
Brahman 0.072 ± 0.022 (P = 0.0185) 0.067 ± 0.040 ( P = 0.1436) 0.010 ± 0.013 (P = 0.4704) 
Brangus 0.078 ± 0.024 (P = 0.0175) 0.069 ± 0.047 (P = 0.1952) 0.127 ± 0.031 (P = 0.0062) 
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Respiratory Rate 
The mean daily respiratory rates (pooled across treatments) are presented in Figure 5.8 and the 
relative change in RR are presented in Figure 5.9. The initial mean RR for Brahman (22.9 ± 7.8 
bpm) and Brangus (30.5 ± 7.8 bpm) was lower (P < 0.05) than that of the Angus (76.8 ± 7.8 bpm). 
The RR of the Angus peaked on day 6 at 134.4 bpm whereas the Brahman and Brangus were still 
increasing at the cessation of hot conditions on day 7 with RR’s of 62.2 ± 7.8 bpm and 99.2 ± 7.8 
bpm, respectively. There was a significant (P < 0.001) breed effect for RR for each day of the 
experiment. 
 
 
Figure 5.8: Mean daily respiratory rates (bpm) for each breed (Angus, Brahman and 
Brangus) over days 2 to 9 for all combined treatments (hosing, misting and sprinkling). Error 
bar corresponds to 2 standard errors. 
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Figure 5.9: Relative respiratory rates (bpm) for each breed (Angus, Brahman and Brangus) 
over days 2 to 9 for all combined treatments (hosing, sprinklers and misting). Error bar 
corresponds to 2 standard errors. 
 
Respiratory Rate and Wet Bulb Temperature (TWB) Correlations 
There was a significant (P < 0.05) correlation between respiratory rate (RR) and TWB for all breeds 
in all treatments. The Angus had a highest rate of increase in RR (7.3 and 10.7 bpm per degree of 
TWB) for the hosing and misting treatments whereas the Brangus had the highest rate of increase in 
RR at 6.6 bpm per degree of TWB during the sprinkler treatment (Table 5.5). 
 
Table 5.5: Estimated slopes of fitted response for respiratory rate (RR; bpm) versus wet bulb 
temperature (TWB; °C) for each treatment (Hosing, Sprinklers and Misting) and breed (Angus 
= AA, Brahman = BB and Brangus = AB). Table shows each estimate, its standard error and 
P value for H0: slope = 0. Units are bpm per º of TWB temperature. 
 Hosing Sprinklers Misting 
Angus 7.324 ± 0.857 (P < 0.0001) 6.279 ± 1.604 (P = 0.0079) 10.743 ± 0.887 (P < 0.0001) 
Brahman 3.943 ± 1.035 (P = 0.0089) 3.405 ± 1.157 (P = 0.0258) 4.066 ± 0.702 (P = 0.0012) 
Brangus 4.391 ± 1.546 (P = 0.0296) 6.635 ± 1.890 (P = 0.0127) 6.294 ± 1.685 (P = 0.0097) 
 
Surface Temperature 
The mean surface temperature on day 2 for the Angus was 32.1 ± 0.2 ºC, Brahman 32.6 ± 0.2 ºC 
and Brangus 32.9 ± 0.2 ºC. The surface temperature peaked for the Angus on day 6 (37.5 ± 0.2 ºC), 
but for the Brahman and Brangus surface temperatures were still increasing when hot conditions 
cessed on day 7 with mean surface temperatures of  37.7 ± 0.2 ºC and 37.9 ± 0.2 ºC, respectively. 
The breed by day interaction was not significant (P > 0.05) for surface temperature (Figure 5.10).   
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Figure 5.10: Average animal surface temperatures for each breed (Angus, Brahman and 
Brangus) for days 2 to 10 for all combined treatments (hosing, sprinklers and misting). 
 
Surface Temperature and TWB Correlations 
There was a significant (P < 0.05) correlation between TWB and surface temperature for all 
treatments. For the hosing treatment the Angus and Brangus surface temperatures increased by 0.6 
ºC for every 1 ºC increase in TWB and the Brahmans by 0.7 ºC (Figure 5.11). For the sprinkler 
treatment the Angus surface temperatures increased by 0.6 ºC for every 1 ºC increase in TWB and 
the Brahman and Brangus by 0.5 ºC (Figure 5.12). For the misting treatment the Angus surface 
temperatures increased by 0.7 ºC for every 1 ºC increase in TWB, the Brahman by 0.6, and the 
Brangus by 0.5 ºC (Figure 5.13). 
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Figure 5.11: Slope of fitted response for average surface temperature (°C) versus wet bulb 
temperature (TWB (°C)) for the hosing treatment and each breed (Angus = AA, Brahman = 
BB and Brangus = AB). 
 
 
Figure 5.12: Slope of fitted response for average surface temperature (°C) versus wet bulb 
temperature (TWB (°C)) for the sprinkler treatment and each breed (Angus = AA, Brahman = 
BB and Brangus = AB). 
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Figure 5.13: Slope of fitted response for average surface temperature (°C) versus wet bulb 
temperature (TWB (°C)) for the misting treatment and each breed (Angus = AA, Brahman = 
BB and Brangus = AB). 
 
Surface Temperature and Respiratory Rate 
The following graphs (Figures 5.14, 5.15, 5.16) show the threshold surface temperature at which 
RR starts to increase. This inflection point was calculated using a bent stick model (Chapter 5, 
Section 5.2.7). The Angus had the highest baseline RR (61.4 ± 8.5 bpm). For the Angus the point of 
inflection was 31.8 ± 0.8 ºC, and for every 1 ºC increase in surface temperature the RR increased by 
12.3 ± 1.3 bpm (Figure 5.14). The Brahman had the lowest mean baseline RR (23.4 ± 1.8 bpm), and 
the inflection point for the Brahman was 35.2 ± 0.3 ºC. For every 1 ºC increase of surface 
temperature, Brahmans increased RR by 13.9 ± 1.8 bpm (Figure 5.15). The Brangus had a mean 
baseline RR of 31.6 ± 2.8 bpm. The inflection point for the Brangus was 34.3 ± 0.3 ºC and for every 
1 ºC increase in surface temperature the Brangus RR increased by 16.2 ± 1.4 bpm (Figure 5.16). 
 
 109  
 
Figure 5.14: Mean daily surface temperatures (ºC) versus mean daily respiratory rate (bpm) 
of the Angus for each treatment (hosing, sprinklers and misting). Fitted model shown 
(R
2
=0.8418). 
 
 
Figure 5.15: Mean daily surface temperatures (ºC) versus mean daily respiratory rate (bpm) 
of the Brahman for each treatment (hosing, sprinklers and misting). Fitted model shown 
(R
2
=0.8696). 
 110  
 
Figure 5.16: Mean daily surface temperatures (ºC) versus mean daily respiratory rate (bpm) 
of the Brangus for each treatment (hosing, sprinklers and misting). Fitted model shown 
(R
2
=0.9180). 
 
Panting Score  
Figure 5.17 shows the range of panting scores (PS) exhibited by all breeds of cattle for the different 
experimental treatments. A PS of 0 was observed for all breeds during the TNC days. One Angus 
had the greatest PS on day 6 of the misting treatment with a PS of 3 (open mouth, drooling and neck 
extended). This PS of 3 fell within an hour following water application. Panting scores dropped 
from an average of 2 (fast panting, drool present) at water application to a 1 (slight panting, mouth 
closed) within an hour after water application.  
 
The sprinkler treatment did not adequately reduce PS. Within this treatment the Angus cattle had a 
PS of 0 for 43 % of the time, and a greater number of PS 1 (30 %) and PS 2 (26 %) recordings 
within the sprinkler treatment compared to the misting and hosing treatments. The misting treatment 
resulted in a greater variation in PS for the Angus cattle with PS scores ranging from 0 through to a 
score of 3 on day 6 (Figure 5.17). 
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Figure 5.17: Mean percentage of panting score (PS) for each breed (Angus, Brahman and 
Brangus) over the three treatments (hosing, sprinkler and misting). 
 
Dry Matter Intake (DMI) 
The Angus had the lowest DMI (5.4 ± 1.7 kg) over days 2 to 9 the hosing treatment, compared to 
the Brahman (7.7 ± 1.1 kg) and the Brangus (8.4 ± 1.2 kg). During the sprinkler treatment, the 
Angus DMI was dramatically reduced on day 6 to an average of 0.2 ± 0.3 kg (Table 5.6), whereas 
the Brahman DMI increased by 1.7 kg to 8.0 ± 2.3 kg on day 6, and Brangus DMI reduced to 5.3 kg 
on day 6 from 8.1 ± 2.2 on day 5. The Brangus had the highest mean DMI (8.2 ± 1.9 kg) for the 
misting treatment, the Brahman intermediate (6.2 ± 1.7 kg) and the Angus had the lowest DMI (4.4 
± 1.7 kg) for the misting treatment (Table 5.6).  
 
There were breed (P < 0.05) effects during the four hot days of for DMI. The Angus had the lowest 
DMI (P < 0.05) during these days compared to the Brahman and Brangus (Figure 5.18). There was 
an overall effect of treatment on DMI (P = 0.03), but no treatment x day interaction (P = 0.08). 
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Table 5.6: Mean dry matter intake (DMI) per head per day for each breed (Angus, Brahman 
and Brangus) over days 2 to 9 for each treatment (hosing, sprinklers and misting). 
Hosing Angus Brahman Brangus 
2 6.6 ± 1.4 7.5 ± 2.1 6.0 ± 3.5 
3 8.0 ± 2.5 8.8 ± 1.2 9.1 ± 0.6 
4 5.7 ± 1.6 8.2 ± 2.4 9.0 ± 0.7 
5 5.3 ± 1.7 9.0 ± 2.2 7.7 ± 0.5 
6 2.5 ± 1.2 7.5 ± 1.2 8.1 ± 2.2 
7 3.6 ± 1.3 5.9 ± 0.5 8.5 ± 2.1 
8 5.9 ± 2.4 6.8 ± 1.4 8.7 ± 0.1 
9 5.5 ± 2.1 8.4 ± 1.3 10.1 ± 0.4 
Sprinkler Angus Brahman Brangus 
2 5.6 ± 1.9 6.7 ± 2.3 5.9 ± 5.7 
3 5.3 ± 1.3 6.6 ± 0.1 6.9 ± 3.3 
4 2.5 ± 0.4 5.6 ± 2.3 6.8 ± 0.1 
5 3.1 ± 0 6.3 ± 0.7  8.1 ± 2.2 
6 0.2 ± 0.3 8.0 ± 2.3 5.4 ± 3.3 
7 1.6 ± 0.6 4.6 ± 1.2 7.0 ± 1.8 
8 4.6 ± 0.9 7.3 ± 0 7.7 ± 0.6 
9 5.1 ± 3.4 7.9 ± 0.6 9.1 ± 0.3 
Misting Angus Brahman Brangus 
2 6.2 ± 0.4 7.3 ± 2.3 10.3 ± 0.6 
3 6.9 ± 0.2 8.6 ± 2.9 10.2 ± 0.4 
4 4.1 ± 0.8 5.7 ± 2.1 8.3 ± 2.0 
5 3.2 ± 0.4 6.9 ± 1.6 8.2 ± 2.3 
6 5.2 ± 0.4 6.5 ± 0.4 7.2 ± 1.0 
7 4.3 ± 0.7 5.9 ± 3.6 8.6 ± 1.5 
8 3.7 ± 0 6.1 ± 1.3 8.5 ± 1.1 
9 1.7 ± 0.1 2.5 ± 0.6 4.2 ± 0.1 
(Days 1 and 10 are not included as they were partial days) 
 
 
Figure 5.18: Average dry matter intake (DMI) for each breed (Angus, Brahman and Brangus 
over all treatments (hosing, sprinklers and misting). 
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Water Intake  
The water intake (WI) for the duration of the study is shown in Table 5.7. The mean water 
temperature on the hot condition days for all treatments was 30.5 ± 0.5 °C and 26.0 ± 0.3 °C for the 
thermoneutral days. All animals had greater WI during this period compared with the thermoneutral 
periods. On day 6 the Brangus had the highest mean water intake (46.0 L/h/d) for the hosing 
treatment, compared to Angus (30.8 L/h/d) and Brahman (32.5 L/h/d). On day 3 (thermoneutral 
conditions) of the sprinkler treatment, the average WI for all three breeds had nearly doubled, and 
this was the highest recorded WI for the Angus and Brahman for the remaining days of the sprinkler 
treatment. The highest water intake for each breed during the misting treatment was recorded on 
day 4; the Angus intake was 48.3 L/h/d, Brangus 35.0 and the Brahman 41.5 L/h/d on this day 
(Table 5.7). 
 
Table 5.7: Mean daily water intake (WI) per head per day and ± standard deviation for each 
breed (Angus, Brahman and Brangus) over days 2 to 9 for each treatment (hosing, sprinklers 
and misting). 
Hosing Angus (L/h/d) Brahman (L/h/d) Brangus (L/h/d) 
2 14.3 ± 8.8 11.8 ± 5.3 11.0 ± 7.1 
3 15.3 ± 3.2 17.5 ± 2.1 14.3 ± 6.0 
4 34.8 ± 4.6 39.8 ± 9.9 45.0 ± 0.7 
5 31.8 ± 7.4 33.8 ± 3.5 38.3 ± 3.2 
6 30.8 ± 7.4 32.5 ± 12.0 46.0 ± 0.7 
7 36.5 ± 12.0 21.8 ± 11.3 32.5 ± 2.1 
8 8.5 ± 0.7 10.5 ± 5.6 19.8 ± 3.2 
9 22.5 ± 3.5 16.8 ± 13.8 32.8 ± 10.3 
Sprinkler 
2 24.3 ± 2.5 19.6 ± 3.0 19.8 ± 6.4 
3 45.0
* 
34.8 ± 4.6 39.8 ± 9.9 
4 44.0
* 
31.8 ± 1.1 30.5 ± 1.4 
5 26.5
* 
29.0 ± 2.8 32.0 ± 4.2 
6 21.8 ± 3.2 29.8 ± 6.7 34.3 ± 6.0 
7 30.8 ± 6.0 22.4 ± 6.5 39.9 ± 5.3 
8 18.3 ± 10.3 12.8 ± 3.2 14.0 ± 9.6 
9 26.1 ± 12.1 23.6 ± 16.8 20.5 ± 14.7 
Misting 
2 33.0
* 
14.1 ± 2.3 23.5 ± 7.1 
3 34.0
* 
14.8 ± 3.2 17.6 ± 0.2 
4 48.3
* 
35.0 ± 4.9 41.5 ± 6.4 
5 35.5
*
 27.9 ± 3.0 29.8 ± 6.7 
6 46.0
* 
27.8 ± 3.2 24.1 ± 9.1 
7 14.5
* 
15.1 ± 0.2 18.3 ± 6.0 
8 29.0
* 
13.3 ± 9.6 22.5 ± 0.7 
9 30.3
* 
10.8 ± 3.2 17.1 ± 0.5 
*
This data was only a single record from one of the Angus due to continual water spillage from the trough of the other 
Angus and therefore no standard deviation could be calculated 
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The data presented in Figure 5.20 is the average daily water intake for each breed across all 
treatments. The Angus cattle had greater (P < 0.05) water intake on day 4 (the first day of hot 
conditions) for the sprinkler and misting treatments than the Brahman and Brangus. 
 
 
Figure 5.20: Average daily water intakes (L/head/day) for each breed (Angus, Brahman and 
Brangus) over all treatments (hosing, sprinklers and misting). 
 
The Angus had lower water intakes compared to Brahman and Brangus for the hosing and sprinkler 
treatments. During the misting treatment the Angus had a water intake of 39.5 L per head per day 
compared to the Brahman and Brangus with mean water intakes of 18.9 and 19.5 L, respectively.  
 
Animal Position and Behaviour 
There were five different behavioural variables that were recorded hourly; standing (S) (not eating 
or drinking), lying (L) (not sleeping), eating (E), drinking (D) and sleeping (LS). The mean position 
and behaviour for all breeds over each treatment are presented in Table 5.8 and Figure 5.21. 
 
Overall, the cattle spent more time lying (43.30 %) than standing (38.22 %) and spent a greater 
amount of time lying in the hosing treatment (48.22 %) than in the other two treatments (41.88 % 
and 39.89 % respectively). The Brahman (50.49 %) and Brangus (51.29 %) cattle spent more time 
lying during the hosing treatment compared to the Angus cattle (42.58 %). However, during the 
misting treatment the Brangus cattle spent more time standing (48.29 %) than lying (32.53 %) 
compared to the other two breeds which spent more time lying (Table 5.8 and Figure 5.21). 
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Figure 5.21: Mean time (%) spent in each position; Lying (L), Sleeping (LS), Standing (S) and 
mean behaviour; Drinking (D), Eating (E) for all breeds over the three treatments (Hosing, 
Sprinklers and Misting). 
 
 
Table 5.8: Mean time (%) spent in each position; standing (S), Lying (L), Eating (E), Drinking 
(D) and lying sleeping (LS) for each breed (Angus, Brahman, Brangus) over the 10 days of the 
three treatments (Hosing, Sprinklers and Misting). 
Treatment Breed S (%) L (%) E (%) D (%) LS (%) 
Hosing Angus 40.0 % 42.6 % 10.7 % 0.7 % 6.1 % 
  Brahman 35.3 % 50.5 % 10.0 % 0.0 % 4.2 % 
  Brangus 33.2 % 51.3 % 9.7 % 0.7 % 5.2 % 
Sprinkler Angus 38.8 % 43.8 % 8.1 % 0.9 % 8.4 % 
  Brahman 40.0 % 40.9 % 9.4 % 0.6 % 9.1 % 
  Brangus 42.5 % 40.9 % 10.6 % 0.9 % 5.0 % 
Misting Angus 34.9 % 44.5 % 11.3 % 0.3 % 8.9 % 
  Brahman 30.9 % 42.6 % 11.3 % 0.3 % 14.8 % 
  Brangus 48.3 % 32.5 % 12.3 % 0.0 % 6.9 % 
 
 
5.3.4 Water Application Events 
The water application details are listed in Table 5.9. During the hosing treatment there were 9 water 
applications with an average duration of 4 min (all 6 animals treated). Angus 1 (A1) was the only 
trigger animal for all of these events. During the sprinkler treatment there were 15 water application 
events with an average duration of 5 min. There were 10 water application events for the misting 
treatment with an average water application time of 9.5 min. The first water application occurred on 
day 5 (misting) at 1327 h and was the shortest water application of 3 min and 11 sec. The longest 
events occurred during the misting treatment on day 6 at 2112 h and 2154 h for 12 min. After these 
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events the misting treatment was shut down as the RT of the Angus cattle remained above 41.0 ºC 
(Table 5.9). 
 
Table 5.9: Water event details for each treatment (hosing, sprinkler and misting) including 
day of experiment, time of event, the trigger animal (A1 = Angus 1, A2 = Angus 2, A3 = Angus 
3, AB1 = Brangus 1 and AB2 = Brangus 2) and duration of the event. 
Treatment Water Event Day of 
Experiment 
Time Trigger Animal/s Duration 
(min) 
Hosing 1 6 1320 A1 2.02 
Hosing 2 6 1930 A1 6.00 
Hosing 3 6 2235 A1 6.00 
Hosing 4 6 2400 A1 2.13 
Hosing 5 6 0700 A1 2.86 
Hosing 6 7 1210 A1 2.42 
Hosing 7 7 1514 A1 3.02 
Hosing 8 7 1915 A1 3.01 
Hosing 9 7 2100 A1 5.00 
Sprinkler 1 4 2425 A2 5.04 
Sprinkler 2 5 1200 A3 3.00 
Sprinkler 3 5 1300 A3 5.00 
Sprinkler 4 5 1845 A3 3.00 
Sprinkler 5 6 1025 A3 3.00 
Sprinkler 6 6 1125 A3 5.00 
Sprinkler 7 6 1730 A2, A3 3.00 
Sprinkler 8 6 1915 A2, A3 5.00 
Sprinkler 9 6 2400 A2, A3 5.00 
Sprinkler 10 7 1217 A2, A3, AB3 5.00 
Sprinkler 11 7 1500 A3 5.00 
Sprinkler 12 7 2015 A2, A3, AB3 3.00 
Sprinkler 13 7 2121 A3, AB3 5.00 
Sprinkler 14 7 2355 AB3 7.00 
Sprinkler 15 7 0352 AB3 10.00 
Misting 1 5 1327 A3 3.11 
Misting 2 5 1425 A3 5.00 
Misting 3 5 2214 A3 5.06 
Misting 4 5 0615 A3 5.04 
Misting 5 6 1400 A3 5.00 
Misting 6 6 1614 A3 7.00 
Misting 7 6 1855 A1, A3, AB1 8.00 
Misting 8 6 2013 A1, A3 10.01 
Misting 9 6 2112 A1, A3 12.04 
Misting 10 6 2154 A3 12.01 
 
Duration of Water Application Events 
As the animal response to water application determined the duration for which the animals would 
be wetted it was relevant to determine whether the duration of the events had an effect on the 
animal’s microclimate. The data for all treatments and events combined showed there were no 
significant correlations between duration and the climatic variables (TDB, TWB, RH and THI) or 
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duration and the RT of the trigger animal. However, duration versus treatment resulted in a 
significant treatment effect (P < 0.05) (Table 5.10 and Figure 5.22). The mean duration of the 
misting treatment was significantly higher (6.7 min) compared to both hosing and sprinklers (3.6 
and 4.8 min respectively).  
 
Table 5.10: Number of events (N), mean duration ± standard deviation (min) for each 
treatment (hosing, sprinklers and misting), at a 95 % confidence interval (95 % CI). 
Treatment N Mean (min) 95 % CI 
Hosing 9 3.6
b
 ± 1.6 (2.2 - 5.1) 
Sprinkler 15 4.8
b
 ± 1.9 (3.7 - 5.9) 
Misting 9 6.7
a
 ± 2.9 (5.3 - 8.1) 
a,b 
Means within a column with the same superscript do not differ (P > 0.05) 
 
 
Figure 5.22: Differences of means for duration of an event versus the treatment (mister-hose, 
sprinkler-hose and sprinkler-mister). If an interval does not contain zero, the corresponding 
means are significantly different. 
 
Microclimate Response to Water Application 
In the first hosing event, the RH decreased by 4 % one hour after the water was applied. On day 7 
of the sprinkler treatment water was applied for ten min and one hour after this event all climatic 
variables had decreased; TDB by 0.5  C, TWB by 0.7, RH by 1,4 % and THI by 1.1. The highest 
RH changes after an event occurred in the misting treatment on day 6 for events 5 and 8 (Table 
5.11); RH increased on average by 3.5 % an hour after the start of water application. 
 
There was no significant (P > 0.05) change in average TDB, TWB, THI, RH from 0 to 60 min 
following water application by misting and hosing, there was a significant change (P < 0.05) in 
TWB, RH and THI from 0 to 60 min after an event in the sprinkler treatment. The only significant (P 
< 0.05) change in all climatic variables for the hosing treatment was a change in TDB from 0 to 15 
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min after an event, with a mean decrease of 0.3 ºC. The mean change in TDB from 0 to 15 min after 
an event in the misting treatment was a significant increase of .4 ºC, however this then decreased by 
0.3 over the next 15 min. 
 
Table 5.11: The mean dry bulb temperature (TDB), wet bulb temperature (TWB), relative 
humidity (RH) and temperature humidity index (THI) at the start of a water application (0) 
and the change in TDB, TWB, RH and THI (0 - 15, 15 - 30 and 0 - 60 min after an event) to all 
water application events for each treatment (hosing, sprinklers and misting). 
Hosing 0 0 - 15 15 - 30 0 - 60 
TDB, ºC 34.40 ± 0.22 -0.27 ± 0.12* -0.08 ± 0.19 -0.34 ± 0.29 
TWB, ºC 31.60 ± 0.22 -0.26 ± 0.23 0.11 ± 0.26 -0.44 ± 0.29 
RH, % 81.6 ± 1.5 -0.05 ± 0.99 1.17 ± 1.4 -0.68 ± 1.2 
THI 90.30 ± 0.32 -0.42 ± 0.33 0.09 ± 0.37 -0.70 ± 0.46 
Sprinklers 0 0 - 15 15 - 30 0 - 60 
TDB, ºC 33.50 ± 0.35 -0.03 ± 0.10 -0.02 ± 0.14 -0.04 ± 0.11 
TWB, ºC 31.40 ± 0.16 -0.10 ± 0.18 -0.29 ± 0.20 -0.63 ± 0.24* 
RH % 86.2 ± 1.5 -0.5 ± 0.8 -1.7 ± 1.1 -4.3 ± 1.6* 
THI 89.50 ± 0.36 -0.13 ± 0.25 0.35 ± 0.28 -0.71 ± 0.28* 
Misting 0 0 - 15 15 - 30 0 - 60 
TDB, ºC 32.20 ± 0.33 0.35 ± 0.12* -0.29 ± 0.18 0.10 ± 0.14 
TWB, ºC 31.30 ± 0.27 0.25 ± 0.22 -0.17 ± 0.24 0.11 ± 0.16 
Rh % 94.0 ± 1.5 -0.66 ± 0.94 -1.7 ± 1.1 0.02 ± 0.9 
THI 88.80 ± 0.48 0.49 ± 0.31 -0.35 ± 0.28 0.19 ± 0.24 
* significant change in mean P < 0.05 
 
Rectal Temperature Response to Water Application 
Based on the observed data summarised in Figure 5.23, there are obvious breed differences. The 
median did not change for Brahman and Brangus, but there was an increased difference in rectal 
temperature from initial to RT 60 for the Angus. 
 119  
 
Figure 5.23: Box and Whisker Plot of baseline (mean RT for day 2 and 3), initial (RT start of 
the event), rectal temperature 30 min after water application (RT30) and rectal temperature 
60 min after water application (RT60). 
 
Hosing Water Application and Effect on Rectal Temperature 
The 9 water application events during the hosing treatment were triggered by the same Angus (A1) 
as it had a high RT (mean 41.4 °C). Table 5.12 outlines the events and the response of the trigger 
animal to water application, the mean application time was 34.8 sec for this treatment and the time 
taken for this animal’s RT to lower after an event (RT Relief Time) was on average 43.6 min; for 
the last two water applications in this treatment the RT of the trigger animal did not fall below 41 
ºC, hence the decision to stop the treatment at 2100 h on day 7.  
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Table 5.12: Water application details including day of experiment, time of the event, the 
trigger animal, rectal temperature (RT) at the start of the event, water application time and 
the time taken for RT to decrease below 41 ºC (RT Relief Time) for the hosing treatment. 
Water 
Application 
Day of 
Experiment 
Time 
(h) 
Trigger 
Animal  
RT  
(° C) 
Water 
Application 
Time (sec/head) 
RT Relief 
Time 
(min) 
1 6 1320 A1 41.2 20 40 
2 6 1930 A1 41.2 60 15 
3 6 2235 A1 41.7 60 69 
4 6 2400 A1 41.7 20 62 
5 6 700 A1 41.2 21.5 69 
6 7 1210 A1 41.2 21 30 
7 7 1514 A1 41.2 30 20 
8 7 1915 A1 41.7 30 - 
9 7 2100 A1 41.7 50 - 
- RT did not decrease below 41 ºC 
 
All breeds had significant (P < 0.05) elevations in RT from thermoneutral conditions (baseline) to 
the start of an event (0). The Angus had the greatest elevation of 2.771 ± 0.06 ºC. There was no 
significant change for all breeds between the start of the event (0) to 30 min but there was a 
significant change in RT from 0 to 60 and 30 to 60 min for the Angus and Brahman (Table 5.13). 
 
Table 5.13: Difference in rectal temperature from thermoneutral baseline (Angus = 38.33 ºC, 
Brahman = 38.59 ºC and Brangus = 38.53 ºC) to the start of an event (0), 0 - 30, 30 - 60 and 0 - 
60 min after an event for each breed (Angus, Brahman and Brangus) for the hosing 
treatment. 
Hosing Baseline - 0 0 - 30 30 - 60 0 - 60 
Angus 2.771
a 
* -0.048
a 
-0.144
a 
* -0.192
a 
* 
Brahman 1.158
b 
* -0.023
a 
-0.146
a 
* -0.169
a 
* 
Brangus 1.021
b 
* -0.049
a 
-0.073
a 
-0.121
a
 
Pooled SEM 0.057
 
0.048 0.059 0.063 
Means followed by the same letter are not significantly different P < 0.05 
Means followed by an asterisk are significantly P < 0.05 greater than zero (elevation) or less than zero (post cooling). 
 
Sprinkler Water Application and Effect on Rectal Temperature 
The sprinkler treatment, although showing similar climatic conditions to that of the hosing 
treatment (see Section 5.3.2, above), had a total of 15 water application events compared to 9 in the 
hosing treatment. The water applications started on day 4 at 2425 h and continued each day until 
0352 h on day 7. Six of these water applications were triggered by Angus 2 and 12 by Angus 3. 
Brangus 3 was also a trigger animal for five of the water application events and recovered from four 
of these. However, Angus 2 only recovered from four of the six of its trigger water applications and 
Angus 3 only recovering 50 % of the time (Table 5.14).  
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In this treatment the average water application time was 4.6 min. The last water application event of 
this treatment was triggered by Brangus 3 on day 7 at 0352 h. Although the RT of this animal was 
lower 17 min after water application the RT increased to 41.14 °C by 0647 h and remained elevated 
until the end of day 7 at 0759 h. 
 
Table 5.14: Water application details including day of experiment, time of the event, the 
trigger animal, rectal temperature (RT) at the start of the event, water application time and 
the time taken for RT to decrease below 41 ºC (RT Relief Time) for the sprinkler treatment. 
Water 
Application  
Day of 
Experiment 
Time 
(24 hour) 
Trigger 
Animal 
RT 
(° C) 
Water Application 
Time (sec/head) 
RT Relief 
Time (min) 
1 4 2425 A2 41.1 50 17 
2 5 1200 A3 41.2 30 - 
3 5 1300 A3 41.2 50 34 
4 5 1845 A3 41.2 30 44 
5 6 1025 A3 41.2 30 - 
6 6 1125 A3 41.2 50 45 
7 6 1730 A2 41.2 30 - 
7 6 1730 A3 41.1 30 - 
8 6 1915 A2 41.2 50 35 
8 6 1915 A3 41.1 50 39 
9 6 2400 A2 41.2 50 50 
9 6 2400 A3 41.1 50 26 
10 7 1217 A2 41.2 50 44 
10 7 1217 A3 41.1 50 19 
10 7 1217 AB3 41.1 50 34 
11 7 1500 A3 41.2 50 78 
12 7 2015 A2 41.2 30 - 
12 7 2015 A3 41.1 30 - 
12 7 2015 AB3 41.1 30 17 
13 7 2121 A3 41.2 50 30 
13 7 2121 AB3 41.1 50 30 
14 7 2355 AB3 41.1 85 22 
15 7 0352 AB3 41.1 100 17 
- RT did not decrease below 41 ºC 
 
Comparing the events within the sprinkler treatment and the change in RT from the baseline to 30 
and then 60 min, there was a significant change in RT from baseline to the start of an event for all 
breeds. The change in RT from 0 to 30, 30 to 60 and 0 to 60 was significant (P < 0.05) for the 
Angus. The Brahman cattle did not have any significant change over the hour following an event. 
The Brangus had a significant change in RT from 30 to 60 and from 0 to 60 (Table 5.15). 
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Table 5.15: Difference in rectal temperature from thermoneutral baseline (Angus = 40.34 ºC, 
Brahman = 39.11 ºC and Brangus = 39.58 ºC) to the start of an event (0), 0 - 30, 30 - 60 and 0 - 
60 min after an event for each breed (Angus, Brahman and Brangus) for the sprinkler 
treatment. 
Sprinkler Baseline - 0 Change 0 - 30 Change 30 - 60 Change 0 - 60 
Angus 0.695
a 
* -0.102
a 
* -0.203
b 
* -0.305
b 
* 
Brahman 0.628
a 
* 0.014
a 
-0.015
a 
-0.0004
a 
Brangus 0.703
a 
* -0.016
a 
-0.117
a,b 
* -0.133
a 
* 
Pooled SEM 0.086 0.051 0.049 0.053 
Means followed by the same letter are not significantly different P < 0.05 
Means followed by an asterisk are significantly P < 0.05 greater than zero (elevation) or less than zero (post cooling). 
 
Misting Water Application and Effect on Rectal Temperature 
There were 10 water application events during the misting treatment (Table 5.16). The first water 
application occurred on day 5 at 1327 h and the last on day 6 at 2154 h. This treatment period ended 
on day 6 due to the Angus cattle not coping with the high heat load conditions even with a water 
application of up to 12 min. The mean water application time for this treatment was 72 sec per head 
(7.2 min for all 6 animals) however; the longer duration (10 - 12 min) water applications on day 6 
were unable to reduce the rectal temperature below 41 ºC. Three min water application did not 
reduce the RT of the Angus and it was not until the second application of water that lasted for 5 min 
that the RT reduced (Table 5.16). On average the RT of the animals reduced 24 min after water 
application. Brangus 1 (AB1) was a trigger animal for the 7
th
 water application on day 6 at 1855, 
the RT of AB1 reduced 3 min after the event however this animals RT again increased to 41.13 °C 
after 15 min. 
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Table 5.16: Water application details including day of experiment, time of the event, the 
trigger animal, rectal temperature (RT) at the start of the event, water application time and 
the time taken for RT to decrease below 41 ºC (RT Relief Time) for the misting treatment. 
Water 
Application 
Day of 
Experiment 
Time 
(24 hour) 
Trigger 
Animal 
RT Water 
Application 
Time (sec/head) 
RT Relief 
Time (min) 
1 5 1327 A3 41.4 31 - 
2 5 1425 A3 41.4 50 24 
3 5 2214 A3 41.4 50 10 
4 6 615 A3 41.4 50 26 
5 6 1400 A3 41.4 50 79 
6 6 1614 A3 41.4 70 10 
7 6 1855 AB1 41.1 80 3 
7 6 1855 A3 41.4 80 - 
7 6 1855 A1 41.1 80 17 
8 6 2013 A3 41.4 100 - 
8 6 2013 A1 41.1 100 - 
9 6 2112 A3 41.4 120 - 
9 6 2112 AB1 41.1 120 - 
10 6 2154 A3 41.4 120 - 
- RT did not decrease below 41 ºC 
 
There was a significant change in RT for all breeds, from the baseline to the start of an event (Table 
5.17). The Angus having the greatest change (2.2 ºC ± 0.052) followed by the Brangus (1.1 ºC ± 
0.052) and the smallest change in RT although still a significant change from baseline to the start of 
the event was the Brahman RT (0.2 ºC ± 0.052). The Angus had a significant change in RT from 0 
to 30 (-0.09 ºC) and 30 to 60 (-0.08 ºC) (Table 5.17). 
 
Table 5.17: Difference in rectal temperature from thermoneutral baseline (Angus = 40.34, 
Brahman = 39.11 and Brangus = 39.58) to the start of an event (0), 0 - 30, 30 - 60 and 0 - 60 
min after an event for each breed (Angus, Brahman and Brangus) for the misting treatment. 
Misting Baseline - 0 Change 0 - 30 Change 30 - 60 Change 0 - 60 
Angus 2.152
a 
* -0.088
b 
* -0.075
a 
* -0.174
b 
* 
Brahman 0.170
c 
* 0.086
a
 -0.024
a 
0.072
a 
Brangus 1.093
b 
* -0.043
b 
-0.024
a 
-0.072
b 
Pooled SEM 0.052 0.045 0.040 0.049 
Means followed by the same letter are not significantly different P < 0.05 
Means followed by an asterisk are significantly P < 0.05 greater than zero (elevation) or less than zero (post cooling). 
 
 
5.4 DISCUSSION 
There are few studies that have assessed the response of different beef cattle breeds exposed to 
continual high heat load, with no diurnal respite. There were breed differences in response to heat 
stress which reflected body surface temperatures. It was also demonstrated that water application to 
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cattle can be a source of relief from high heat load conditions. For ease of discussion, this section 
has been divided under headings that reflect the major components of the study. 
 
Rectal Temperature 
Under thermoneutral conditions, all three breeds in this study had a mean RT of 38.9 ± 0.2 ºC. 
Interestingly, Scharf et al. (2010) found that under both thermoneutral conditions or conditions of 
high heat load, the RT of  Angus cattle  was 0.5 ºC greater than heat tolerant Romosinuano cattle. 
Exposure in this study of the cattle to a continuous high heat load and humidity resulted in a 
significant (P < 0.05) rise in RT. The mean RT and relative RT for the Brahman and Brangus cattle 
were lower (P < 0.05) than the Angus RT for all hot condition days. This is in agreement with 
Hammond et al. (1996) and Gaughan et al. (1999) who both reported that Brahman cattle had 
significantly (P < 0.05) lower RT than the other Bos taurus cattle. The RT of the Brahman and 
Brangus were still increasing, having reached 39.5 ºC and 40.0 ºC, respectively, when hot 
conditions ceased on day 7 for the hosing and sprinkler treatments. This suggests that the maximum 
threshold RT for the Bos indicus breeds (Brahman and Brangus) were not reached. Beatty et al. 
(2006) reported that the core temperature (Tc) of  Bos indicus cattle, increased steadily as TWB 
increased, suggesting that the maximum tolerable Tc was not reached compared to the Bos taurus 
animals in the same experiment.  
 
The Angus (Bos taurus) in the current study had a peak RT on day 6 of 40.8 ºC which may have 
been the  threshold RT as it did not rise further, being  40.7 ºC at the start of day 7. This may have 
been a sign of acclimation, as Hahn (1999) reported that it takes typically 3 to 4 days for an animal 
to begin acclimation and for rectal temperatures to be established at a new set point. However, even 
though the mean RT of the Angus may have reduced to 40.7 ºC, it was the specific RT of an 
individual animal that was the reason for water application or the cessation of hot conditions. 
Therefore, any generalisation about the different cattle genotypes or individuals must be used with 
caution due to large variation in individual heat tolerances (Gaughan 2009b). 
 
The RT of all breeds was highly correlated with TWB in the hosing treatment, not for the sprinkler 
treatment, but there was a positive correlation for Angus and Brangus RT with TWB for the misting 
treatment. These inconsistencies between RT and TWB demonstrate that RT is not always a 
predictable indicator of the relationship between animals and its microclimate.  
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Respiratory Rate 
The RR of the Angus was greater (P < 0.05) than the other breeds over the four days of hot 
conditions for all three treatments, which is in agreement with Gaughan et al. (1999) and Svotwa et 
al. (2007). Svotwa et al. (2007) conducted a study to evaluate the heat tolerance of Brahman, 
Mashona and Simmental breeds and found that there was no significant difference between 
Mashona and Brahman in terms of skin surface temperatures (SST), rectal temperatures (RT) and 
respiratory rates (RR). However, Simmental had lower (P < 0.05) SST and RT as well as a higher 
respiratory rate than either Brahman or Mashona. The lower RR of Brahman and Brangus steers in 
this study suggests that they were able to dissipate heat via other heat loss mechanisms, including 
greater surface area and increased sweating rate (Nay and Heyman 1956; Gaughan 1999), to 
maintain a lower body temperature. 
 
Over the first two days of hot conditions the animals increased RR at a similar rate, although on day 
six the Angus appeared to reach an upper limit of 134 ± 7.8 bpm. Day 6 was the third day of 
exposure to hot conditions (where average TDB = 33.4 ºC, TWB = 31.4 ºC, RH = 87 % and THI = 
89). The Brahman and Brangus were able to increase RR over the rest of the hot condition days and 
did not reach an upper limit (Figure 5.9). This daily trend was similar to what happened with the RT 
of these three breeds. As the RR of the Angus then decreased after Day 6, this may indicate that the 
Angus had a shift in RR from rapid open-mouth panting to deep open-mouth panting at a reduced 
rate (Gaughan et al. 2000). The timing of this change in RR was a similar to the apparent 
acclimation point observed for RT. Unfortunately the early cessation of the experimental periods; it 
was not possible to observe if this change in RR was ongoing.  
 
There was a positive correlation between RR and TWB for all breeds and all three treatments. This 
has also been reported by Zhang et al. (1994), who concluded that this was an indication that the 
animals were storing heat when TWB increased. This would be expected in this study as the animals 
did not have diurnal respite and therefore did not have a cooler period in which to reduce the heat 
load. The Angus had the most significant correlation between RR and TWB over the experimental 
days of both hosing and misting whereas the Brangus had the highest correlation for the sprinkler 
treatment. A Brangus was also the trigger animal for the last three water application events for this 
treatment.  
 
Surface Temperature 
The surface temperature for all breeds across all treatments was similar for the thermoneutral days. 
As with RT and RR for the Angus, on Day 3, surface temperature peaked and then reduced over the 
 126  
next 24 h even though hot conditions continued. This peak may suggest that acclimation has 
occurred and the surface temperature threshold has readjusted to a lower degree. This is in accord 
with the findings of Hahn (1999) that it takes typically 3 to 4 days for acclimation to occur. 
 
The surface temperature results in this study were highly correlated with RR. Collier et al. (2006) 
who also found skin temperatures to be highly correlated with RR and that skin temperatures are a 
good indicator of the microenvironment around the animal. The present study was able to 
demonstrate a threshold point at which RR starts to increase when surface temperature reaches a 
particular value. For the Angus, this inflection point was 31.8 ºC, Brahman 35.2 ºC, and Brangus 
34.3 ºC. The implications of this finding may be significant as a practical measure for predicting 
when to cool animals before RR increases above a particular heat load threshold. 
 
Dry Matter Intake 
Increasing RT has a negative effect on feed intake (Bianca 1965). This was apparent with Angus 
cattle in this study, but even though there was an increase in RT over the days of hot for the 
Brahman and Brangus there was not a consistent decrease in DMI and on some days it increased. 
The Angus had the lowest DMI (0.2 ± 0.3 kg) of the study on the sprinkler treatment, on Day 6 
when the mean TWB was 31.4 ± 0.1 ºC and RH 84 %. Increased respiration rate, especially open-
mouthed breathing will restrict the ability of an animal to maintain eating and chewing behaviour 
(Hall 2000). The respiration rate was still increasing on this day; however, compared to the days of 
similar climatic conditions in the other treatments; this day had a higher percentage of panting 
scores of 2. Beatty et al. (2006), also recorded Bos taurus feed intake reducing by 78 % when TWB 
was 32 ºC after 6 days of continual high heat and humidity. Others have reported a more modest 
decrease in DMI. Bianca (1965) reported decreases of 20 % at 32 ºC dry bulb and dry bulb 
temperatures above 35 ºC resulting in 10-35 % reduction in feed intake. The results of the DMI in 
this study are comparable with the feed intake results of Beatty et al. (2006), who concluded that 
the major difference in their study to others was that the animals were exposed to continuous high 
TWB with no nocturnal respite. 
 
Water Intake  
Average daily water intakes increased during hot condition days for all breeds across all treatments 
and this result is in agreement with previous studies (Johnson and Yeck 1964; Yousef and Johnson 
1966; McDowell 1972). Other studies (Winchester and Morris 1956; Yousef et al. 1968; Olbrich et 
al. 1972; Mount 1979) have found that Bos indicus cattle have lower water intakes than that of Bos 
taurus cattle under the same environmental conditions and this occurred during the thermoneutral 
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conditions in this study. In contrast, during hot conditions the Angus water intake was not always 
greater than Brahman and Brangus. The lower water intake of the Angus compared to the other two 
breeds, may in part, be due to the dramatic decrease in feed intake of the Angus cattle during hot 
conditions. 
 
Although water intake was recorded every hour, the results must be treated with caution as only 
data from one of the Angus could be used for comparisons during the sprinkler and misting 
treatments. This was due to the other Angus animals splashing water out of the container and on 
several occasions submerging most of their head under the water, thus spilling water from the 
container. Cattle submerging their heads in water troughs is a behaviour that has been observed in 
the field and feedlots during periods of high heat conditions (pers. comm. J.B. Gaughan). There are 
also field reports of cattle experiencing hyperthermia, climbing into water troughs and submerging 
in dams (pers. comm. W.L. Bryden). 
 
Panting Score 
The Brahman cattle had panting scores from 1 for all treatments during hot conditions, a PS of 2 on 
Day 7 of the hosing and sprinkler treatments and a PS of 2.5 (fast panting, drool or foam present 
and occasional open mouth) on Day 7 of the Misting treatment. This is in contrast to Beatty et al. 
(2006), who found that Bos indicus cattle did not show any clinical signs of heat stress when 
subjected to continuous heat. The differences between the studies may reflect the prior thermal 
history and genotypes of the cattle used, and the heat load imposed. 
 
Animal Position and Behaviour 
Brown-Brandl et al. (2003) found that heat stressed cattle decreased eating and lying and increased 
drinking and standing. In the current study, cattle decreased eating and increased drinking as 
anticipated but increased the amount of time lying when exposed to heat. This may be due to the 
animals being able to transfer heat to the pen floor (where excess water may have pooled from the 
water application events, or where urine and faeces were trapped), the air may have been slightly 
cooler as hot air rises or the animals were conserving energy to further assist in the dissipation of 
heat. McLean et al. (1983b) reported that both the lower limb and dewlap temperatures can be 
affected by contact with the floor, holding stall or with other skin regions.  
 
Microclimate and Animal Responses to Water Application Events 
There was no significant correlation between the duration of a water application event and either 
TDB, TWB, RH or THI. The duration of events during the misting treatment was significantly longer 
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and more frequent than the hosing and sprinkling treatments. This result reflects the animal’s 
response to an application as there was not a reduction in trigger animal RT below 41 ºC for the 
misting treatment. 
 
It is generally assumed that the use of water for cooling cattle housed in buildings leads to an 
increase in RH, and in turn reduces the ability of the animal to dissipate heat via evaporation (Frazzi 
et al. 2002). However, in the current study, RH only increased on average by 2.7 % for 60 % of the 
water application events. When analysed on a treatment basis there were no consistent changes in 
the climatic variables or any detectable pattern of change in the microclimate. There was no 
significant change (P < 0.05) in TDB, TWB, RH and THI after one hour of the water application 
event.  
 
Rectal Temperature Response to Water Application 
Water application did not reduce the RT of Brahman cattle during this study but significantly (P < 
0.05) reduced the RT of Angus cattle in all treatments. The Brangus RT response was more 
variable. It did not significantly change over the hour following water application following misting 
(40.6 ºC) or hosing (39.6 ºC). During the sprinkler treatment when a Brangus animal was also a 
trigger animal for the final three events, the RT of the Brangus decreased from 41.1 ºC to 40.7 ºC 
within an hour after an event. These reductions in RT following water application helped to relieve 
heat load but were not sufficient to prevent heat load accumulation. This was reflected in the RT 
remaining above 41ºC for individual animals, thus the decision to stop the hot conditions. 
 
5.5  CONCLUSION 
This study demonstrated that Angus were less tolerant to heat stress than Brahman and Brangus 
cattle. The Brahman and Brangus did not reach threshold points like the Angus for RT, RR or 
surface temperature. The significant decrease in RT after a water application to Angus cattle 
demonstrates that there was a positive effect on the animal that triggered the event. However, when 
an animal is then exposed to continual hot conditions and humidity, there is a point at which the 
duration and therefore amount of water applied will no longer have an effect, as seen in the hosing 
and misting treatments where the hot conditions had to be shut down early.  
  
The discovery of an inflection point between surface temperature and RR for each breed is novel. 
Awareness of this parameter has the potential to provide a practical measure to prevent heat stress 
in environments such as on board export ships travelling long distances in continual hot and humid 
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conditions. The inflection point could be used to indicate when to initiate action to prevent or 
ameliorate the effect of any heat stress.  
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6.1 INTRODUCTION 
The studies, reported above, were initiated to develop strategies to improve the wellbeing of 
confined beef cattle, especially those being exported live by sea. A feature of these voyages is a 
continuous high heat load, which has a negative effect on the physiological and behavioural status 
of these cattle and therefore impacts on their wellbeing and productive performance. The major 
focus of this thesis was therefore, to explore heat load alleviation of confined beef cattle. Water 
application methods to alleviate heat load in dairy cattle have been well documented but there is 
little information on the application of these methods to housed beef cattle and were explored in this 
thesis. 
 
6.2 GENERAL CONSIDERATIONS AND ADVENTURES ON THE HIGH SEA 
Throughout the studies the climatic conditions were maintained with a protocol based on the 
conditions that would be encountered on board a live export vessel travelling from southern 
Australia to the Middle East. The results described in the preceding Chapters highlight the 
interactive effects of applying water to cattle to alleviate heat load, the effects of water application 
on the microclimate and the effects of adverse climatic conditions and water application methods on 
different cattle genotypes. 
 
Data from the first study (voyage) showed that water application had a positive impact on cattle 
comfort and also reduced dry-bulb temperature following long duration applications. The impact of 
water application on physiological parameters, such as respiration rate and rectal temperature, was a 
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function of the volume of water applied and ambient conditions. The findings from this experiment 
were generally in accord with the published literature and informed the design of the following two 
experiments. These experiments were designed to evaluate the efficacy of different water 
application methods to alleviate some of the physiological changes observed and assess the impact 
of the water application events on the microclimate. It was thought that water application would 
perturb the microclimate in such a way as to further increase the discomfort of the animals.  
 
Within the confines of budgetary and research infrastructure constraints, it is only possible to 
simulate components of the environment experienced by cattle undertaking voyages on the high 
seas.  In this regard, only the temperature and humidity experienced by animals could be duplicated, 
using animals in single pens, as has been done by others (see Beatty et al. 2006). It was evident in 
Chapter 4, that group housing and the provision of sawdust bedding considerably changed the 
environment of the individual animal. It is well known and as discussed below, high temperatures 
change animal behaviour but it has not been reported that dominance order in a group determines 
the ability to seek relief from heat stress. Moreover, techniques to mitigate the effects of ammonia 
when bedding is supplied, requires further investigation.  
 
Despite the limitations of the facilities in which the studies were undertaken and the complexities of 
the apparently “simple” research questions asked, new insights were gained.  It did become 
apparent, however, that there are a number of factors that need to be considered when assessing the 
results, including the following:  
 The time, number and duration of the water applications occurred at different times and 
days of each treatment and therefore other variables such as duration of exposure to 
heat may be playing a role in terms of differences in results. 
 The climate for any given hour of any day during a treatment compared to another 
treatment was not the same. 
 There were limited days for the hosing and misting treatment periods compared to the 
sprinkler treatment. 
 The fact that only a few animals were adversely affected by the hot conditions, but all 
animals were treated the same. 
 
6.3 HEAT TOLERANCE OF BEEF CATTLE 
There has been ongoing interest in the effects of heat stress on beef cattle because of the significant 
losses that occur in feedlots from time to time. Many of the lessons learnt in that environment are 
applicable to live beef export but conditions at times are very different. There has been limited work 
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in this area, especially the use of water application methods to alleviate heat load when cattle are 
housed in confinement and exposed to continuous heat as occurs on board ships. This thesis 
compared three water application methods and highlighted the links between microclimate changes 
and the physiological responses of the cattle to water application events. There were marked 
differences between different beef breeds and different water application techniques.  
 
6.3.1 Beef Breeds 
A Bos taurus breed (Angus) was used in all experiments as this type of cattle has been shown to be 
less tolerant of hot conditions, in many studies, than Bos indicus type cattle. In the final experiment, 
Angus cattle were compared with a Bos indicus breed (Brahman) and a composite breed (Brangus). 
Duration of exposure to high heat load conditions caused a decrease in the ability of the Angus 
cattle to cope compared to Brahman and Brangus cattle, with the Brahmans having the best heat 
tolerance determined by smaller changes in respiration rate and rectal temperature. These 
differences in response between Bos taurus and Bos indicus cattle are in accord with the 
observations of Beatty et al. (2006).  
 
The Angus reached a threshold point for both respiration rate (134 bpm) and rectal temperature (41 
ºC) after 3 to 4 days of continuous high heat and humidity exposure. Further investigation to 
determine the threshold values for the Brahman and Brangus cattle is required. Brangus were the 
intermediate breed in terms of increased RT and RR as exposure to high heat load increased and 
Brahmans were the most tolerant breed. The Angus cattle were not able to dissipate heat effectively 
but a decrease in RT and RR after 4 days of heat may have been a form of acclimation in which the 
animal was able to reset this threshold (Hahn, 1999). This new acclimation point however was not 
enough to prevent the early cessation of 2 of the 3 treatments due to individual RT of trigger 
animal/s being greater than 41 ºC. 
 
The dramatic reduction by Angus cattle in DMI to nearly 0 kg/h/d in response to hot conditions did 
not reduce overall heat load to a safe level and is of major concern for animal welfare and 
production. The Brahman and Brangus also experienced a decrease in DMI but not as severe as for 
Angus. The Brangus cattle maintained DMI at a higher level than the Brahman. The lower feed 
intake of the Brahmans compared to the Brangus may relate to behavioural differences. The 
Brahmans spent more time lying down than standing and this reduction in metabolic heat load and 
energy expenditure may in turn have helped to maintain a lower RT and RR. The water application 
events did not improve feed intake or prevent weight loss. Nevertheless, when the cattle did have a 
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positive response (decreased RT for a long duration) to water application, this induced eating 
behaviour. 
 
6.3.2 Surface Temperature as a Predictor of Heat Stress 
Heat stress is difficult to predict. Techniques that allow prediction and therefore facilitate 
immediate action to wet the animals before they reach heat stress thresholds for RR, RT or surface 
temperature will improve animal wellbeing. Respiratory rate and RT have been shown by many 
authors, to be a good indicator of heat stress (Chapter 2). This was demonstrated again in these 
experiments where there was a strong positive response in these parameters with increased 
temperature. 
 
Previous studies have shown that the correlation of RR with increasing temperature is not linear but 
can be described by sets of linear, quadratic, and exponential equations (Hahn et al. 1997). This 
relationship was further refined in this study and it was discovered that there is an inflection point 
between surface temperature and RR for each breed (see Figures 5.14, 5.15 and 5.16). This is novel 
information in terms of preventing heat stress. Awareness of this vital indicator and the resulting 
impact on the cattle has the potential to provide a practical measure to prevent heat stress in 
environments such as on board export ships travelling long distances in continual hot and humid 
conditions. A stockperson would be able to non-invasively measure the surface temperature of 
cattle from some distance, refer to the inflection point for each breed and then determine the 
appropriate action to ameliorate the effect of any heat stress.  
 
6.4 HEAT LOAD ALLEVIATION WITH WATER APPLICATION 
In these studies, the significant decrease in RT observed after water application demonstrated that 
there was a positive effect of this strategy on the animal that triggered the event. If the animal 
continued to be exposed to hot conditions and high humidity after each water application event, 
there was a point at which the duration and therefore amount of water no longer had the desired 
effect. This was evident with the hosing and misting treatments, where the hot conditions had to be 
shut down early, as heat load alleviation was insufficient to maintain animal comfort. In this regard, 
there was large animal variation within the same breed. 
 
When different water application protocols were assessed, the leg sprinkler treatment gave cattle 
little relief from high heat load and was not included in the final study. Hose wetting appeared to be 
the best option as fewer applications were needed to reduce heat load. However, in a situation 
where it is necessary to cool a large number of cattle in groups, overhead sprinklers may be the 
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better option. Moreover, it is difficult to maintain a constant frequency of water applications 
because the timing and amount of water required for cooling varies daily, especially as the animal’s 
heat load increased as the study progressed. Ideally, water application would be controlled 
automatically on board ships, but the daily changes in the volume of water applied to reduce heat 
load, make it difficult to use an automatically controlled system. This could occur if the timing of 
water application events were recalibrated regularly.  
 
6.4.1 Microenvironment Impact 
In terms of impact on the environment or microclimate, the water application events had no 
significant affect (P < 0.05), on the variables (TWB, TDB, RH and THI) measured. This was 
unexpected and may reflect the facilities used. It was expected that water application would 
increase RH. In fact, RH decreased slightly over the HOT periods with the increasing TDB and TWB. 
For Bos taurus cattle the THI was a good indicator of cattle discomfort. There may be the need to 
develop a similar index for Bos indicus and composite Bos indicus x Bos taurus genotypes. This 
will enable an efficient water application at a more appropriate rate in accordance to the breed of 
animal that is being subjected to the high heat load conditions. 
 
The other aspect of the microenvironment that has an impact on animal health is ammonia. This 
also has implications for stockperson health and there is a need determine gaseous ammonia 
dynamics on board ship in conjunction with studies that seek to delineate the microenvironment of 
the animal. Such studies would determine the i) impact that water application methods have on the 
microclimate, ii) amount of water needed to achieve heat load reduction of different cattle breeds, 
iii) frequency of water application required to achieve this reduction in heat load, iv) use of fans and 
chilled water, and v) ammonia concentration and its effects on the cattle over a 15 day simulated 
voyage from southern Australia to the Middle East.   
 
6.5 IMPLICATIONS OF RESEARCH 
Since these studies were completed, there have been changes within the export industry to improve 
cattle welfare by reducing the heat load of cattle on board live export vessels. These changes 
include; i) the prohibition of sourcing fat Bos taurus cattle for export from or through the ports of 
Darwin, Weipa or Wyndham from 1 October to 31 December (inclusive), ii) Bos taurus cattle bred 
in an area of Australia below latitude 26 º south must not be sourced for export to the Middle East 
from May to October, iii) implementation of “HotStuff”, a software program that estimates the risk 
of heat stress occurring during sea transport, and iv) an updated Stockman’s Handbook (2008) that 
provides stockmen on board live export voyages with information to ensure the welfare of the stock 
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is adequately maintained. These initiatives may assist in lowering the mortality rates on voyages to 
the Middle East, but a review of the HotStuff model (Ferguson et al. 2008) stated that the data 
collected for the development of the model was a limited data set based on mortality rates. The 
Stockman’s Handbook (2008) also outlines that the wetting of cattle is beneficial to alleviating heat 
load, although the details of when to wet the animals are not well defined and advise the stockmen 
to start application of water only when the animals are experiencing severe heat stress. The results 
of the experiments in this thesis may be useful in refining the HotStuff model, and in clarifying the 
advice given to stockmen on board live export ships. 
 
These measures will help alleviate stress on sea voyages but as indicated above, there is need for 
ongoing research. Changes in behaviour were noted in all experiments following introduction of hot 
conditions. Further investigation into the body position of cattle under excessive heat load may 
provide clearer guidelines to stocking rates in pens on board ships, especially when voyages occur 
during the northern hemisphere summer. Moreover, behavioural observation of beef cattle may be a 
useful tool when developing cooling and management strategies to improve beef cattle welfare and 
performance during heat stress.  
 
It is important for the industry to develop preventative heat stress measures. In this scenario, 
mitigation strategies would be instigated before the welfare of the animal is compromised rather 
than the current method of waiting for the display of signs of reduced welfare. In addition to 
improving animal welfare, this approach has the potential to translate to increased production. The 
discovery of an inflection point between respiration rate and animal surface temperature, discussed 
above, has the potential to be used to effectively manage the onset of heat stress. It could be 
developed as a non-invasive method for stockmen to predict the heat load of an animal from a 
measured distance and then instigate a mitigation strategy. 
 
The present studies have highlighted the complexities of investigating beef cattle  exposed to 
continuous high heat loads and have demonstrated the diversity of data required to assess heat stress 
mitigation strategies. Only when comprehensive data is available, following a sustained research 
effort, will it be possible to improve the wellbeing of intensively maintained beef cattle, whether in 
feedlots or on the high seas.  
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APPENDIX 1: Temperature-Humidity Index Table (LIVECORP, 2015) 
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APPENDIX 2: Salt Water Heating System 
 
The salt water used for water application in Chapter 3 involved an integrated pump system (see 
plates A2.1 and A2.2) which delivered water at a specified temperature with the salt content of sea 
water. The system was operated when the animal’s rectal temperature reached 41°C and/or the 
respiration rate reached 120 breaths per min. 
 
The flow rate was estimated to vary between 40 and 120 litres per min. This range catered for 
misting, sprinkler wetting and hose wetting. 
 
The system consisted of an integrated pump control system, an instantaneous gas hot water system, 
salt solution mixing vat (agitator vat), freshwater and recycle tank and recycle pump. The integrated 
pump control system consists of a temperature and electrical conductivity sensor, controller, 2 
variable speed drive pumps, a systems pump, and pressure regulator. Through the controller the 
sensor controls the speed of the two variable speed pumps, one for the hot water and the other the 
salt solution.  
 
The hot water system was an instantaneous gas hot water system, allowing for the flow variation. 
The salt solution mixing vat was a second hand milk vat which contained an agitator, was insulated 
and made of stainless steel. 
 
The system was operating at about 20-24 L/ min or 25-30 sec to fill a 10 L bucket, therefore each 
wetting operation used approximately 200-240 L of water for a 10 min water application. The 
photographs below show the system located outside the climate control facility. In Plate A2.1 the 
salt water agitating vat is to the left with the recycling water tank to the right. Plate A2.2 shows the 
gas hot water system in the middle with the yellow hoses joining the water pipes to the pump 
system.   
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Plate A2.1: Salt water agitation tank and recycling water tank 
 
 
Plate A2.2: Gas hot water system 
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APPENDIX 3: Rectal Probe 
 
 
Plate A3.1: Rectal probe 
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APPENDIX 4: Photographs of Panting Scores 
       
Panting Score 0  Panting Score 1  Panting Score 2  
 
   
Panting Score 2.5  Panting Score 3 Panting Score 3.5 
 
        
Panting Score 4  Panting Score 4.5 
Photos courtesy of Dr John Gaughan, University of Queensland 
 
 
 
 
